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I. INTRODUCTION AND SUMMARY




I, JINTRODUCTION AND SUMMARY

Contract NASw-1734 was inrtiated 23 Apral 1968. Tt specified anal-~

ysis and planning activities to support NASA's Planetary Quarantine (PQ)

Offace 1n four areas, viz..

. Reviey and Interpretation of Planetary
Quarantine Requirements

. Analysis of Microbial Survival

. Development and Application of Periinent

Analytical Techniques

. Implementation of a Lunar Chemical Con-
tamination Inventory

The results of the work in these areas is reported herein  Where pre-
liminary findings have already been presenled in interim reports, these
are referenced. Copres of these interim documents are appended in those
cases where their content 1s felt necessary to support the material

presented herein.
A WORK ELEMENTS

A lasting follows of the work elements involved in the four tasks

enumerated above,

(1} Review and Interpretation of Planetary Quarantine Requirements

. Development of an approach to the justificataon
of modified PQ requirements,

. Review of PQ requirements for proposed Planetary
Explorer Missions to Mars and Venus.

. Review of Mars Mariner '69 PQ Plan

. Review of Viking Project PQ Provisions document.

. Development of plans for the review of Viking

PQ related documents.

(2) Analysis of Microbial Survival

. Survival curve analysis

Study of physical processes i1n microbial resis-
tance to sterilization



(3) Development and Analysis of Pertinent Analytical Techniques

. Analytical estimation of buried contamination.

. Study of microbial release through material
break up and erosion.

(4) Planetéry Chemical Contamination

. Plamaing for the implementation of a Chemical
contamination inventory.

DELIVERED PRODUCTS
Among the products delivered under this contract are

. Exotech Inc., Systems Res. Dav.: An Analytical Basis
for Assaying Buried Biological Contamination. Appendix C.
Repoxrt no., TRSR-036. Jan. 1969.

. Exotech Inc., Systems Res, Div.: Implementation of a
Chemical Contaminant Inventory fox Lunar Missions.
Appendix E. Report TRSR 70-07. Dec. 1969.

. Baxrett, M. J.* Investigations into a Diffusion Model
of Dry Heat Steralization. Appendix B. Report no. TRSR-041,
Systems Res. Div., Exotech Inc., May 5, 1969.

. DeGraff, E.. Review of JPL Report 605-87, Mariner Mars 1969
PQ Plan. Systems Res, Div., Exotech Inc., Memo., Aug. 21, 1968.

. NASA Headquarters Review of Viking PQ Plans. A Document Pro-
viding Background Information for Reviewers of Viking Plans.

. Space Bioscience Research material dated Nov. 5, 1969 for
Code SB Document on Applications.

. Proposed Planetary Chemical Contamination Requirements statement,
Feb 1969,

. Guidelines for Review of JPL-Martin Biroburden Accumulation Model,

Mov. 13, 1969,

. Exotech Imc., Systems Res. Div.: Monthly Letter Status Reports
as Required by Lhe Contract.

PRESENTED PAPERS

"Potential Effects of Receni: Findings on Spacecraft Sterailization
Requirements', presented at the 1llth Plenary Meeting of COSFPAR,
Tokyo, Japan, May 14, 1968,

Report on "Development of Analytical Techniques in Planetary
Quarantine’, presented at Sewmir-Annual Planetary Quarantine
Seminar, Cape Kennedy, June 10, 11, 12, 1968
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"Effects of Mated D-Values on Terminal Sterilization Cycle',
presented to Subcommittee 1A of PQAC, University of Minnesota,
July 25 - 26, 1968, .

"Stochastic Dirffusion Model for Microbial Survival in Heat
Sterilization", presented at Semi~Anrmual Planetary Quarantine
Seminar, Cape Kennedy, Febyruaxy 11 - 12, 1969,

"Systems Approach to Compliance with PQ Requirements", presented
at Semi-Annual Planetary Quarantine Seminar, Cape Kennedy,
February 11 - 12, 1969.

WEstimation of the Mean Concentration of Microorganisms Buried
in Spacecraft Materials", presented at Semr-Anpual Planetary
Quarantine Seminar, Cape Kemnedy, February 11 - 12, 1969.

"Tradeoff Studies 1n Heat Sterilizatron?) presented to a committee
of the Space Science Board at Stanford University on April 19, 1969.

"Consequencesof Stochastic Diffusion of Moisture i1n Microbes',
presented at Semi~Annual Planetary Quarantine Seminar, Las Vegas,
September 24 - 25, 1969,

"Application of a Systems Model for Spacecraft Sterilization",
presented at Semi-Annual Planetary Quarantine Seminar, Las Vegas,
September 24 - 25, 1969,

OTHER MEETINGS ATTENDED

Additional meetings attended include-

PQAC, NASA/Hdgts., October 1968.

Microbiological Assay Standardization Meeting,
NASA/Hdqts,, December 13, 1968.

Planetary Explorer PQ Meeting, NASA/Hdqts ,
January 29, 1969,

Taft Health Center, Cincinnati, Ohio, April 22, 1969 -
Review of Experimental Data on Microbial Die Off. .

Lunar Sample Analysis Symposium, 157th National Meeting
American Chemical Society, Minneapolis, Minnesota,
April 13 - 18, 1969,

Viking Planetary Quarantine Review Meeting, Martin Co.,
Denver, Colorado, Octoher 22, 1969.
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IT. RESULTS
Because extensive material has already been reported in interim
documents and papers, those results will not be duplicated in this
final report. Where previous findings are felt necessary for the

reader, they are provided in summarized form or appended.

The material presented herein extends and complements this pre-
vious work. It is reported in the sequence of the four tasks enumerated

in the previous sectionm,
A. REVIEW AND INTERPRETATION OF PQ REQUIREMENTS

The pre-contract status of planetary quarantine standards, their
formulation and thexir impact upon spacecraft programs was summarized in
1
a paper presented at the 1lth Plenary Meeting of GOSPAR on May 11, 1968,

in Tokyo, Japan.

Although the work summarized at COSPAR was supported under earlier
contracts (NASw-1558 and NASw-1666), a copy of the paper is attached
(Appendix A) because 1t adds to the prospective of the work reported here-
in. The formulation of planetary quarantine standards was shown to be a
continuing effort requiring a compromise between the assurance of the pre-
vention of planetary contamination and the minimization of the impact of
quarantine requirement on planetary missions. It was suggesied that further
work in several areas could lead to less severe sterilization requirements
for planetary spacecraft than had been considered necessary in the past,
Such areas for further research include tasks undertaken in the study reporteé

herein. Of specific interest in this regard are.

. Estaimation of buried contamination,
. Analysis of release of buried contamination.

. Micreobial resistance to sterilizaltion processes.

Work ain these areas 1s reported in Tasks B and C.

1Exotech Incorporated, Potential Effects of Recent Findings on Space-
craft Sterilization Requirements, May 1968, also Space Life Sciences 1 (4)
March (1969) 520-530.




The focus of activity an this initial task of contract NASw-1734
was 1n the applaication of planetary quarantine requirements. This is
typified in the rxeview of PQ constraints conducted in January 1969 for
two proposed Planetary Explorer missions to orbit Venus and Mars, Pro-
babilities of contamination for the two missions were compuied based
upon GOSPAR constraints and estimates made by NASA's Planetary Program
Office of the total number of different missions to be conducted within
the guarantine period by all nations. The characteristics of the pro-
posed Planetary Explorer missions were reviewed in the light of these PQ
requirements, An analy3132 performed by Bird Engineering Research
Associates Inc. of the probability of contamination for the two missions

was reviewed for accuracy and completeness

Spacecraflt project plans and provisions for compliance with PQ
requirements were studied. In particular, the Planetary Quarantine
Plan proposed for Mars Mariner 1969 was assessed.3 The Viking project
PQ Provisions document4 was reviewed for compliance with PQ standards.
in addition, plans were developed for the systematic review of further

Viking project BQ related documents including: .

. The PG Plan
. The Microbiological Assay and Monitoring Plan

. The Sterilization Plan

Methodology for the development and evaluation of feasible alternataive

approaches for compliance with PQ consiraints was presented in the Semi~-Apnual

Planetary Quarantine Seminax at Cape Kemnedy in February 1969.

2Letter report 24 February 1969, Bird Engineering Research Associates Inc,
to GSFC, Code 724 “Preliminary Report om Planetary Explorer Contamipation Problem.!

3Exotech letter 21 August 1968, subject Review of JPL Report 605-87.

4Langley Research Center document, "Viking Planetary Quarantine Provisions”,
No. M73-109-0, February 20, 1969.



B. AWATYSIS OF MICROBIATL. SURVIVAIL

Rnowledge of the life and death processes of microorganisms is
essential to the development of realistic PQ requirements and NASA's
Planetary Quarantine Office has directed several research efforts in
a total program with the objective of expanding this knowledge.
Exotech's efforts in this program involved a study of microbral resis-
tance to sterilization. An earlier report5 had suggested the advantages
of log-normal over the simpler logarithmic model to describe the decay
of viable microorganisms when subjected to heat sterilization. Thas
report recommended that furthex analytical work be complemented by phy-

sical modeling and be closely related to measured laboratory parameters.

The exceptional resistance of mierobial spores to sterilization by
heat had long been observed in laboratory tests. The lack of a cohesive
theory to explain this behavior, however, represented a yeakness in the
development of a defensible basis for the formulation of sterilization
requirements. Exotech attempted under this contract to form an empirical

_framevork from fragmentary theories and hypotheses so as to relate the
effectiveness of environmental factors on dry heat sterilization as prac-

ticed 1n the NASA planetary quarantine program.

Earlier work reviewed included the "water activity" theory of Murxell
and Scott6 who observed experimentally the existence of an optimum water comn-
tent in the spore that maximizes spore resistances to heat destruction,

7
water and heatr effect measurements by Angelotti’, and more recent research

SSchalkowsky & Wiederkehr "Estimation of Microbial Survival in Heat
Sterilization” COSPAR Technique Manual No. 4, November 1968.

6W. ¢. Murrell and 1. J. Scott, "“The Heat Resistance of Bacterial Spores
at Various Water Activities", J. Gen Microbiol. 43, 411-425 (1966).

7R. Angelotta, "Protective Mechanisms Affecting Dry-Heat Sterilization",
COSPAR Technique Manual Series, Mapual No. 4, Fovember 1968,
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! 8
of water 1ntake and release by Campbell and coworkers ., Various

i .
mechanlsme have been considered in an effort to explain this often-
observed non-logarithmic heat destyruction characteristic of spores in

terms of their water content and 1ts changes.

In the model under investaigation the heat resistance of spores
is attributed to the partial dehydration of some unidentified but
vital protein in the cytoplasm. During sporulation, chemical binding
of water to this protein is inhibizted by the chelating agent, calcium
dipicolinate, This action frees nonessential water molecules, vhich
can then be squeezed from the cell by the surrounding cortex that
appears to contract as the spore forms. During wet heat sterilization,
water diffuses through the outer layers of the spore and winterchanges
with the chelating agent, thus, increasing the susceptability cf the
vital protein to dematuration, resulting in nonviable spores. The large
differences between resistances of species may be due to the variable
efficiency of the outer layers in inhibiting water diffusion. The great

‘difference in heat resistance of B, subtilis and B. stearothermophilus

in aqueous solutions, which essentially disappears in dry heat sterili-

zation, can be attributed Lo this diffusion effect.

A time dependence of the spore's water activity can be predicted
on the basis of a diffusion mechanism whereby loosely bound water migrates
from one molecule in the microbe to another, with a mobility determined by
the temperature and the existing gradient, according to well-known physzcal

laws of diffusyon.

A iechnical report was presented at the February 1969 Semi-Annual
Planetary Quarantine Seminar at Cape Kennedy and early results were sub-
mitted 1n Exotech report TRSR-041, "Investigations into a Diffusion Model
of Dry Heat Sterilization', May 1969, attached as Appendix B Further
results on this effort were reported at the Semi~Annual Planetary Quarantine

Seminar in Las Vegas in September 1969. At that time the existence of tvo

8
Private communication, J. E. Campbell, PHS, Cincinnati, Ohio.
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distinct bonding sites for water in B. subtilis was demonstrated from
datag supplied by Campbell, A sample of the evidence presented fo; this
conclusion 1s given in Faigure 1, which 1s a replot of the experimental
measurements, demonstrating that the rate of vater release can be
described by the sum of two exponentials. This supports the theoretical
framework of the drffusion approach, but further vork would be necessary

to identify and locate the two sites within the spore.

-

The implications of thas work to the quarantine program are signi-
ficant, TFirst, 1t promises an analytical basis for the observed deffa-
ciencies in the simple logarithmic descriptron of the microorganism
die-off curve, The existence of a significant "tail off" in this curve
can perhaps be quantitatively defined and predicted, thus, providing a
defensible basis for the design of realistic sterilization cycles. This
work also suggests the advisability of monitoring or perhaps controlling
the humidity levels during assembly of spacecraft to modify the contama-
nanits present for greatest susceptibility to subsequent sterilization con-
ditions., 7Perhaps a low temperature preconditioning cyecle during which the
water activity is equilibrated at some sensitive value could precede high
temperature sterilization fo make 1t more effectaive. Fimally, water con-

tent of such materialg as lucite and epoxy might be controlled during manu-

facture to make their buried contaminants more susceptible to sterilization.

C. DEVELOPMENT AND APPLICATION OF PERTINENT ANATYTICAT, TECHNTIQUES

The need for improved estimation of the amount of buried contamination

and of its probability of release was indicated in earlier work (see page 2)

as worthy of further study. The difficulties in detecting and enumerating
buried contamination derive from their inaccessibility. To overcome thas,

the contaminated material may be physically shattered or chemically dis-

solved and the resultant released microorganisms then counted. In both cases,

however, there are serious questions of the validity of the yield since die-

off can occur in the release processes.

9Pr1vate communication, J. E. Campbell, PHS, Cincinmata, Ohio.
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A statistical assay technique originally suggested by Mr. L. Hall,
NASA.Planetary Quaréntine Officer, was further developed by Exotech and
a protocol10 proposed for 1ts application (See Appendix C) The statis-
tical assay technique does not require that all microorganisms contained
in the material be recovered but produces an upper bound estimate based
upon assay results of new surface exposed by minor fracturing which in-

troduces minumum lethality.

The procedure requires the controlled fracture of representative
samples of a material whose buried loading 1s of interest. Each sample
15 tested for birological contamination on the totality of new surfaces
exposed as a result of the fracturing process. The basic datum or ob-
servation consists of the proportion of samples vhich yield contamination .
upon culturing. Conventional stataistical techniques, combined with an
analytical expression relating the mean concentration of organisms buried
within the material and the observed datum, produce an upper bound esti-
mate fSr the unknown mean concentration, expressed to any prescribed level
of confidence, In principle, the'tonfidence level" of the resulting esti-
mate 1s directly related to the sample size and the amount of surface area
exposed by fracture; as Lhe sample size and exposed area increase, the

difference between the estimate and the unknown mean load tends to decrease.

The procedure can be very useful in the development of more realistic
spacecrait sterilization specifications where the sterilization cycle is
sensitive to the estimated number of buried contaminants. In particular,

a signrficant decrease in the severity of the cycle may be possible 1f
realistic estimates of the buried bioloads can be developed. (These bene-
fits are not restricted to spacecraft applications but could also be

extended into sterailization processes in the food and drug and other spin off

areas.)

10Exotech Incorporated, TRSR-036, "An Analytical Basis for Assaying
Buried Biological Contamination", January 1969.
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; A preliminary ana1y31sll of the probabilaty of microbral release
of %urled contaminairon considered two release mechanisms; viz,, break
up in hard ampact and aeclian erosron. Further, it formulated analytic
expressions Lor Lhe probability of release as a function of pertinent

parameters and identified areas of uncertainty.

Specifically, the fracture ratio, 1.e., the ratio of newly exposed
area to the initaal volume of material, upon which the non-nominal land-
ing probability of release 1s especially sensitive,was one area of study.
The regults of impact testsl2 conducted by the Boeing Aircraft Company
were revieyed and a method was devised for accounting for impact die off.
The vatio of the viable spores recovered from the fragments to the imitial
load seeded into the pecllet 1s a product of the release depth, the fracture
ratio and the degree of impact die off, Values for release depth can
confident1y13 be assigned in the 1 to 3 mwicron range. Fracture ratios can
be determined by physical measurement of the recovered fragments. The

accuracy of this measurement varies with the number and size of the frag-

ments and has yet to be quantitatively bounded.

When values for release depth and fracture ratio are assigned, the
recovered lethality ratio i1s then a direct measurement of the impact die
off. This method of analysis will be applied when additional impact data

becomes available.

llExotech Incorporated, TRSR 70-03, "Development and Application of
a System Model for Spacecraft Sterilization', August 1969.

128. J. Fraser, "Survival and Release of Viable Microorganisms After
a Hard Impact", Boeing Company report #02-114143~1, May 27, 1968

3'?’N. J. Peterson, R. G. Cornell, and J. R, Puleo: ‘Release of Micro-

bial Contamination from Fractured Solids!' Paper presented at 1lth Plane-
tary Meeling of COSPAR, Tokyo, Japan, May 1968.
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Further study of theoretical fracturing may provide an insight
wnto fracturing mechanisms. An upper bound to the area exposed dur-
ing impact can be calculated from the kinetic energy at impact,
knowing the energy vequired for a unit area of fracture. The materials
.of interest are mostly noncrystalline, buried viable spores are incon-
ce%vable in metal structures. Measurements in polymeric matcrials
give 0.5 in.-1b/1n® (about 10° erg/cm®) for energy per unit area of
fracture.l4 This estimate may be useful for preliminary upper-bound
calculations of fracture associated with hard impact landings. Further

work remains in this area, .

ylcroblal release due to aeclian erosion was also studied and is
reporited in Appendix Dls. Altbough a model has been developed, conclu-
sions as to whether a release factor significantly less than umaty for
Mars can be invoked will require an agreed upon estimate ol Martian
meteorology. Tt s well known that astronomers have ainterpreted shift-
ing haze that occasionally obscures the planet's features as being due
to large sandstorms. Sand or dust is, of course, a major erosion agent,
and simulations of the erosion effect of postulated sandstorms have been
reportele. Analysis of the photography of the planet's surface by
Mariner 6 and 7 tends to support the sandstorm hypothesis- the scarcity
of small craters in the size distribution can be accounted for by an

erosion process.

14

M. L. Walliams, "The Fracture of Viscoelastic Material® ain
Fracture of Solids, D.C. Drucker and J. J. Gilman (ed,), Interscaence (1963).

lSM. J. Barrett and J. L. Woodall: The Release of Buried Microbial
Contamination by Aeolian Erosion Exotech Report No. TRSR 70-14.

16@. Dyhouse, "Simulated Martian Sand and Dust Storms and Effects on
Spacecraft Coaltings!, ASTM/IES/ATAA Second Space Simulation Conference
(Sept. 1967). Am. Soc. Testing Materials, 1967, Philadelphia, Pemnsylvania.
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A second area of uncertainty that deserves investigation is the
pOS%lblllty of spore destruction during the erosion process. The di-
mensions of a spore, typically on the order of a2 micron, are consi-
derably smaller than those of the average sand particle encountered
on Earth. Those dust particles in the micron range are generally more
dominant in the stratosphere, and particle size can be loosely correlated
with altitude since smaller size permits particles to be carried highex
and farther by the wind. Presumably, the same mechanisms apply on Mars,
and a lander in a Martian dust storm vould be pelted by particles con-
siderably larger than a spore. The erosion model to be applied, there-
fore, is akin to the use of boulders in chipping awavy seeds. One sus-

pects a significant amount of lethality in this process.

Further study should concentrate on areas most conducive tc per-
mitting the unit value of probability of release to be reduced thereby
alleviating sterilization cycle requirements. Analysis should be con-
ducted to identafy the areas of uncertainty where addittonal kndﬁfedge

will produce the maxamum benefit. Each factor should then be reviewed

-
Fhop

to permit selection of those most achievable within tim% anq”reéource
constraints. Effort should be expended only so long asia payoif ip
terms of further relaxation of the probability of release will result.

C. CHEMICAL CONTAMTINATION

A common prerequisite for space exploration is the absence of con-
tamination by terrestrial material in the area being explored. In the
search for biological life, this concern has led to the establishment of
rigorous planetary quarantine standards. The danger, hovever, exists in
all science fields where experiment objectives can be compromised by the

undesired introduction of unknown quantities of "foreign" matter.

in prevwious worle, Exoctech studied the problems of unintentaonal

contamination of lunar samples to be returned to Earth for analysis.

17Ex0tech Incoxrporated, TRSR 68-029, "Planning Study for an Organic
Constituents Inventory Program', May 1968.
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Adopting a philosophy that absolute purity cannot be guaranteed and that
some contamination will be introduced by astronauls, vehicle ejecta and
the capsule envaronment, an approach was developed vhich attempts to
1dentify and quantify the types and levels of expected contamination.
This is achieved by establishing an inventory of organic materials con-
tained in Lunar landing spacecraft as part of an information system
which can identify regions of high contamination risk and the probable

contaminating materials.

The study undertaken in this contract defines the initial step in
the xmplementataon of the above approach. It considers the detairled pro-
cedures and tasks necessary to collect, evaluate, store and disseminate
data which will serve anticipated needs of lunar sample winvestigators,
consistent with the requirement that costs associated with implementiation
and operation of the inventory be compatible with known needs for this
information. The primary tasks perxiinent to this effort involved.

(1) determining the availability of lunar maission vehicle documentation
and the means for collectaing 1t 1n a form suitable for future evaluation,
(2) the collection and utzlaization of spacecraft trajeciory parameiers,
landing sites, and dispersion patterns for crash and soft landings, and

(3) evaluation of the compatibilaty of required data inputs with an exist-
ing Planetary Quarantine winformation system, The final report18 of thais

effort 1s appended. .

Should further implementation be warranted, future efforts should
include the following
. Retention of documentation identifying types and

guantities of chemical materials in lunar mission
spacecralt landers.

18Exotech Incorporated, TRSR 70-07, "Implementation of a Chemical
Contaminant TInventory forxr Lunar Missions,! December 1969
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. Designation of a Federal Records Center to receive
these documents and organization of a2 suitable filing
system

. Preparation of a contamination risk model of the
lunar surface based on the best available estimates
of spacecrafi landing sites and the particle disper-
sion associated with the mass and velocity charac-
teristics of hard and soft landexs.

. Dissemination among lunar sample investigators, and
others associated with the planning of lunar scienti-
fic exploration, of information concerning the docu-
mentation to be kept in storage.

With the advent of landing missioms to the planets of the solar
system, similar attention 1s warranted to the question of chemical con-
taminaticn by terrestrial material., The study should be extended to
consider the acquisition of documentation and material samples from
planetary flight missions. Information requirements of current and
potential experimenting scientists who will analyze planetary materials
should be collected. Information system designs which can serve these

needs for data on material contamination should be formulated,

I1-11
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IIT. CONCLUSIONS AND RECOMMENDATIONS

a

Planetary Quarantine requirements, policies and constraints should
be reviewed ain the light of past experience and nev knowledge to
insure that maxamum possible relaxation of sterilization specifi-

cations 15 realized,

The amplication on planetary quarantine requirements for approved
flight projects of recommendations made by the Space Science

Board at its December 11, 1962 meeting should be evaluated.

Flight project quarantine plans should be evaluated for their respon-
siveness to NASA PQ requarements and compatibility with accepted

practices for their implementation. .

Past planetary flights should be evaluated to develop realistic

levels for the probability of contamination for future missions

The probability that microorganisms contained on landing spacecraft
will be released 1n a viable state on 2 planetary surface should be
further studied. The effect of fracture upon impact and aeolian

erosion during the period of biological exploration and the suxvi-

vabilaty of mrzcroorganisms in the course of the above release mechanisms

should be considered.

Apalytical models should be developed to facilitate the 1mplémentat10n
of planetary quarantine requirements on flight projects through the
utilization of new laboratory data or related technological progress in
the following areas:
(a) Estimation of microbial contamination in spacecraft
environments. )

(b) Dry heat resistance of microorganisms on open sur-
faces, mated surfaces and buried contamination in
spacecraft equipment. Microbial die off in dry heat
sterilization should be further analyzed with empha-
sis on the role of moisture content.



{e) Thermal dynamics an heat sterilization of space-
craft equipment,

{(d) System tradeoff model encompassing all relevant
factors prior to, during, and after the applica-
tron of heat steralization,

The requirements for a planetary chemrcal inventory should be
studied Potential information requirements of scientists who
will perform analyses of planetary maierials to be collected
during planetary flight missions should be i1dentified, othex
mater1al information systems should be investigated for their

applicability.

A quarantine document system should be designed specifically
oriented to serve the management of planetary quarantine on

flight missions.
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POTENTIAL EFFECTS OF RECENT FINDINGS
ON SPACECRAFT STERILIZATION REQUIREMENTS

* *
5. schalkowsky'®, L.B Hal™ and R.C. Kine!®
ABSTRACT

An 1mportant task related to the formulation of planetary quarantine
standards 18 the achievement of an acceptable compromise between (1) the
prevention of planetary contarmination and (2) the 1mpact of quarantine
requirements on the conduct of planetary missions, Such z task 1s a con-
tnuing effort which must take all pertinent new information into account as
1l becomes available. This paper provides an analytical framework for the
assessment of data which has become available during the past year or which
1s currently being evolved. In particular, an evaluation is made of the prob-
ability of release of viable orgamsms from the spacecxaft as a function of (1)
impact velocity magmtudes and the probalility of their occurrence; (2) the
degree of equipment fracturing at impact velocities, and (3) the number of
viable orgamsms 1n spacecraft materials, Work being done to quantify each
of three types of contamination, i.e. that on open surfaces, mated surfaces
and buried contamlna{:ion, is described 1n the context of seeking an approach to
spacecraft sterilization that would be most compatible with the 1mplementation
of planetary missions, It is concluded that the results of work now 1n progress
on spacecraft material fracturing, on the esttmation of buried contamination
Joads and on microbial resistance on mated surfaces may lead to less severe
dry-heat sterilization of planetary spacecraft than had been considered necessaxy

1m the past
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NASw-1558 with the NASA Cffice of Planetary Programs and under contract NASw-
1666 with the NASA Office of Biosciences,
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1, INTRODUCTION

The process of specifying spacecrait stexilization requirements encom-
passes numerous factors, many of which contain considerable uncevtainty, A
suitable analytical model or structure is necessary in oxrder that the various
factors be properly weighed and their relative 1mpact on requirements assessed,
This paper summarizes the essential aspects of an extended analytical model,
beyond that used 1n the past, 1o accommodate wmformation which has been devel-
oped 1n the past year, or which 1s currently being evolved. ‘The various factors
currently recerving detailed attention are discussed in this paper and their poten-

tral effects on spacecrafl sterilization requirements assessed,

This paper reilecis some basic premises curfenﬂ.y under consideralion 1n
the 1mplementation of planetary quarantine constraints by the National Aeronautics
and Space Admimstration of the United States, In particular, the use of gaseous
treatment for spores is viewed as an effective decontaminani, but such treatment
1s not considered 1o provide adequate confidence in the destruction of all viable
spores presenl. Similarly, emphasis 1s placed herein on the evolution of dry heat
sterilization requirements, veflecting an earlier choice of this method over radia-
tion sterihization for spacecrafl equipment.

2. 1\‘ILA.]OR CONSIDERATIONS IN THE FORMULATION OF
STERILIZATION REQUIREMENTS

The degree of risk which should be accepted for planetary contamination
has been the subject of discussion 1n the past. This aspect oi the problem 1s
readily summarized 1n the simple but adequate relationship, 'COSPAR Info. Bull.
(1966) and NASA (1966),

Po = N P(N) + N' P(N") (1)

P. 1s the probability that the planet will be contaminated 1n the course of
planetary exploration and a value agreed upon for this parameter 18 P, = 1x 10'—3,

'COSPAR Info. Bull, {1966).



N and N' are, respectively, the number of landing and non-landing spacecraft
which are expected to be flown during unmanned planetary exploration and
P(N) and P(N'} are the respeciive probabilitzies that any given landing oxr non-
landing flight will cause planetary contamination. Using a tolal number of
fhights of N4N' = 100 and allowing the contamination probabilities for landing
and non-landing missions to be equal, 1t is readily found that the constraint
on any one pussion reduces to P(N) = P(N') 51 x 107, 1.e, the probability
that any one planetary spacecraft will contaminate the planet should be
<1x10°°. In_hthls paper, attention 1s focused on the requirement P(N) fox
Janding missions since it 1s for these spacecraft that sterilization procedures
become necessary. As demonstirated in connection with planetary fly-by
missions, the constraint of 1 x 10" can be met for non- landing missions by
taking precautionary measures i mssion design without having to resort

to spacecraft stexilization,

One major area of unceriainty 1s the probability F(g) of growth and
spreading on the planet by microbial contamination of terrestrial origin,
Thus, assuming that a viable terresirial orgamsm has been deposited onto
the planet surface, it 1s necessary to assign a probability that it wall grow,
spread and hras future biclogical exploration of the planet, For consistency
with the analytical model to be used herein, it is essential io nole that this
probability refers to a single viable organism released onto the planet sur-
face; the fact that the probability of planetary contamination is increased 1f

morxe than one viable orgamsm are released 1s accounted for 1n the model.

It can be shown that the ratio P(N)/P(g) 1s no greater than
the mean number of viable microorgamsms which can be released onto the
planet surface by any one landing spacecraft. This ratio 1s denoted as n{t).
If P(g) = 107°, a value currently considered a conservative assessment of
the growth probability on Mars, then n(r) <1072, From the pomt of view
of implementation, n(x) is the contxrolling planetary quarantine constraint,

(The "mean" number, as used heremn to characlerize a microbal count,
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r‘,epresents the number to be expected, on the average, over repeated trials, For
example, n=1x 107° mmplies that if a count was repeated 100 ames, we would,
on the average, expect 1o find only one orgamsm during one of these counts and

no organisms in the other 99 counts )

-~

The major consideraions which enter 1nio the evolution of explicit sterili~
zation requiremenis from the planetary quarantine constraint on n(x) are summa-
rized in Figure 1, Thus, the landing spacecraft is partiboned into discrete
sources of contamination, classified in accordance with actual, physical sub-
assemblies of the spacecraft, The constraint n(r) can therelore be viewed as
being dlstributed amongst all of these subassemblies and the requirement 18
that the sum of the n; (1) not exceed the consiraint n(r), (The designation ny(x)
refers to the contribution of the ith subassembly, ) Within each subassembly a
distinction 1s also made between the {following three sources of biological con-
tamnation (1) contamination located on open surfaces, (2) contamination which
has been occluded between mated surfaces; and, (8) that which 1s buried inside
spacecraft materials, (In Figure 1 the subscript ; denotes the particular

5,1,B

source under consideration and the superscripis identify the source as

being erther of the suxface, mated or buried type. )

The above classification of sources emphasizes the fact that any one sub-
assembly 1n the spa;ceca:a:[“t can contain, and usually does contain, all three types
of contamination sources, The contribution of any one of these sources to the
problem can be assessed in terms of the major post-launch and pre-launch
factors shown i Figure 1. The major pre-launch factors are (1) the pre- steri-
lization microbial load at the various spacecrall locations, categorized into sur-
face, maled, or buried types, and (2) microbial resistance to sterithization for
the three types of contamination, Referring to the major post-launch factors
in Figure 1, all but one of these xelate to the probability that viable organisms
present 1n the spacecraft at launch will b’e released upon arrival at the planet,
The first two factors, i, e. spacecraft 1mpact velocities and the probabiliies
that these 1mpact velociaes will occur, are unrelated to the partitioning of the

spacecraft into subassemblies ox contamination sources, However, the other
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two release laclors are intimately related to this partitiomng., Thus, in order
to evaluate microbial release caused by a crash landing from a particular
source, 1t is necessary to know to whal degree the xmpact velocity 1s attenuated
at thus source Similarly, the degree of equipment fracturing must be con-
sidered 1n texms of the physical and design characleristics associated with a
particular contamination source. The lastitem noted in the post-launch cate-
gory 1s the probability of microbial survival in transit and has to do with the

effects of hard vacuum and ultraviclet radiation durimg flight to the planet,

The major elements of a sterilization specification are shown in the
last block of Figure 1. To explicitly define these sterilization controls and
procedures, .and to do 1t 1n a manner which would meet the requisite planetary
quarantine constraint, n(r), without unduly constraimng mission implementa~
tion or unnecessarily degrading engineering and scientific mission success
probabilities, 1l 1s necessary to quantifatively account for all of the factors

shown 1n Figure 1,

In view of the above, effort 1s being applied to gain a betler under-
standing of and,whexre possible, to guantify the major faciors in the pre-launch
and post-launch categories. In the sections which follow, pertinent aspects ol
these factors are discussed as a preliminary step to the consideration of theix

potential effects on sterilization requirements,

3. DISCUSSION

In discussing the mndividual post and pre-launch faciors, 1t will be rele-
vant 1o establish the degree to which any one of them 1s erther determinable or
controllable, The determinability of a factor depends upon how amenable 1t 18
to measurement and, also, on the degree of confidence which can be placed upon
the values measured or esttmated However, regardless of how well a factor can
be determined, it i1s equally importani to establish the degree o wiaich 11 1s con-
trollable, for it is often possible to confine a factor to below a value which would

make it a sigmificant influence on the sterilization requirements,



3.1 Imnal Microbial Load - n‘;’f,"’a (o)

Progress made 1n assessing and quantifying ihe 1mtial microbial load varles
1n accordance with the source category considered. Because of the availability of
suitable experimental techmques, the accumulation of microbial contamination on
open surfaces 1s most readily assessed. Microbial load on mated surfaces 1s, of
course, the result of the occlusion of what was al a prior stage an open surface,
Knowledge of contamination on opexn surfaces can therefore be transferred, to
some degree, also 1o mated surfaces, However, a direct measurement of mated
surface contamination is not readily made, The measurement of microbial loads
contained within spacecraft matexrials is leasi amenable to effective experimental

procedures and reliable data in this category are therefore not available.

Depending upon the size of the spacecraft and controls used 1n assembly
and manufacturing, it 1s estimated that the microhial load on open surfaces would
be 1n a range between 10* and 107. A proporfionate range could be applied to
mated surfaces. Any estimate of the buried contamination would at this time be
largely speculative, However, a reasonable upper bound can be established 1n
terms of microbial concentration per unmit volume of material, depending upon
the contamination present during manufacturing and heating or other sterilizing
factors, which might be natural aspects of the manufacturing or quality assur-

ance processes. .

A recent development which may enhance the estimation of bu:clgd con-
tamination 1s associated with the experimental work by 'Peterson et al, (1968)",
This work was oriented towards the assessment of microbial release, ox
exposure, from fractured material, but it now appears feasible to reverse the
statistical procedures used and, by fracturing sample spacecraft materials and
measuring growth on these fractured suxrfaces, to obtain an estimate of the con-

centration of viable contamination i the matexials,

The mmtial load can be controlled or limited during final spacecrafl
assembly and to a lesser degree during subassembly. Contxol derives primarily
from the use of clean-rooms and/or deconiamination procedures, - During compo-

nent manufacture, however, Limiting of the contammnation load 1s not oo practical,
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3.2 Microbial Resistance - D8

The resistance of macroorganisms to dry heat sterilization has been found
to vary considerably depending upon whether the orgamsms are contained within
materials, between mated surfaces or on open surfaces In terms of the loga-
rithmic reduction time, 1, e, the D-value, or the tume required to reduce the
population by one decade, the resistance on open surfaces 1s about 0. 3 hours
whereas spores 1n spacecraft materials have shown resistance as high as 5hours.
On mated surfaces, microbial resistance ranges between 0, 3 and about 4. 4 hours,
depending upon conditions of moisture-vapor transfer at the mated surface and the

relative humidity prior to and during sterilization,

it has been well established in the past {few years that moisture plays a
dominant role in determining the resistance of microorganisms 1o heat sterilization
(Pflug, 1967 and Angelotti, 1967). Further atlention is currently being given to undex-
standing the role ofmoisture 1n a way which will permitmore effective control over
sterihization procedures, This 1s particularly relevant for mated suz:'faces, as it
would be highly desirable to be able to characterize this type of microbial resis-
tance towards the lower range of the D-values given above and thez:eiay make

them nearly equvalent to open surfaces,

3.3 Spacecraft Impact Velocities - vy

The velocity of the spacecraft upon arrival on the planet is critical to the
consideration of microbial release from the spacecraft, Under nomanal soft
landing conditions, there can be microbial release from external surfaces but
not from internal surfaces or from the inside of spacecraft materials In
general, it can be assumed that so long as spacecraft landing 18 at nominal soft-
landing velocities, spacecraft equipment will have been designed (o operate at

these velocitzes without breakup.

Since hard mmpactl velocities are crifical Lo the estimation of release
probalilities, 1t 1s not adequate to evaluate them in general texrms. Specifically,

it 18 necessary to eslablish the explicit events for a given planelary mission
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which would lead to non-nominal landing conditions and to assess the unpact
velocities, vy, assoclated with these events, As mission design progresses,

the quanfification of these velocities becomes a feasible task,

3. 4 Probabilitaes of Impact Velocities - P {w,)

The explicit events which lead {o 1mpact velocities are related to
failure modes of particular spacecyaft equipments, e, g, deviabons from
planned midcourse maneuvers, failures in deorbit equipment, or failures in
landing deceleration equipment such as parachutes, The probability that a
particular 1mpact velocity will occur 1s therefore mtimatsly related to the
engineering reliability of spacecraft equipment and mission design  The
probabilities of various 1mpact velocities will thus be constrained for engi-
neering reasons and the possibility of closexr control for quarantine purposes
1s available, at least in principle,

3.5 Attenuation of Spacecraft Velocities - yi; "

As noted 1n Figure 1, the various release factors must be viewed in the
context of discrete spacecraft subassemblies and particular sources of con-
tammnation within these subassemblies, It 1s therefore necessary to ascerxtain
what additional effect may resull from the atlenuation of spacecrafl 1mpact
velocity at the source under consideration, In some instances, such as external
structural pieces, this may not be too sigmficant a consideration, However,
some very fragile subassemblies within a functional element of the spacecraft
may have significant velocity attenuation by virtue of the physical path between
this element and the point of spacecraft impact, Although a detailed quantifica-
ton of velocity atlenuation factors may be difficult, it may be possible to esti-
mate them using well developed theory and empirical knowledge on the shock
resistance of structural elements 1n various configurations. The controllability
of this factor can be sumilarly characterized, 1, e, o the extent that techniques
are known which will increase impact resistance, they can be utihized 1n space-

craftl desigu 1n appropriate circumsiances.



3.6 Equipment Fracturing - fi; (v~ '\{? 1)

In the case of mated and open surfaces, it 1s assumed that when a critical
velocity 1s reached, contamination from these sources is released. However, in
the case of buried contamination 1l 1s necessary to 1dentify an addittonal event
before actual release from the 1nside of materials can occur. Specifically, for

any assumed 1mpact velocity, 1t 1s necessary to establish the degree to which the

material will break up. This parameter 1s 1dentified herein as the fracture ratio,

and 1s given by the ratio of area exposed in the course of 1mpact to the original
volume of material under consideration. To complete the characterization of

microbial release from materials, it 1s also necessary to consider a parameter

1,

noted herem by 'Peterson et al, (196§’ as the exposure depth cosfficient, A, This coef~

ficient can, for the present purposes, be viewed as the depth at the exposed sux-
face to which a microorgamsm 1s considered physically free from the material

and, therefore, released onto the planet surface,

Peterson et al. (1968) has established experimentally the value of A to be
about 3 microns, In these experiments, the value of A represents, to some
degree, the amount of penetration of the nutrient medium 1nto the exposed sur-
face. For the present purpose of considering physical release al impact, it
appears reasonable to assume that the value of A 1s of the order of the size of
the microorganmism, 1. e, about 1p. Considering the uncertainty in other param-
eters, 1l is of little consequence at present whether A is takentobe 1 or 3

microns,

Efforts ave currently in progress to quantfy fracture ratios for typical
spacecraft materials, based on information 1n other areas where experimenta-
tion has been carried out, It 1s also possible to establish uppexr bounds on the
value of the fracture ratio by assuming all of the energy at 1mpact to go 111to’

producing fractured areas.?

* Contributions by Dr. William C, Cooley oi Exotech Incorporated on obtaimng
upper bounds of f are gratefully acknowledged. .
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In general, the fracture ratio, f, would be proportional io the square of the

i
1m;|)act velocity. To obtain some feel for the magmtudes of f, consider a solid cube

of material about 11{t. on each side, ~This volume of material would fracture 1nto

about 260, 000 preces when the fracture ratio 1s about 1,200 1 /m, A fracture

ratio on the oxder of 10° implies pulverization of the maierial to micron size and

represents a release probability of unity.

3.7 Probability of Microbial Survival in Transit - Pf’?’s(a)

The effects of ultraviolet radiation on microorgamisms located on the exte-

riors of the spacecraft, and the effecis of hard vacuum on other micxobial con-
taminanon, have been considered 1n the pastl as possible causes of microbial
destruction in transit, The effectiveness of ultraviolet radiation 1s Iimited by
uncertainbies on microbial exposure to this radiation. As regards the destruc-
tive effects of vacuum 1n 1nterplanetary space, some 1mbial die-off has been
observed 1n laboratory experimentation but the long-term effects have not been

substantiated to make this a major destructive factor, (Stern, 1968)
4, ANALYTICAL MODEL

Equation 2 below provides a basic framework for assessing the effect of
the various factors discussed above on the development of spacecraft steriliza-

tion requirements,

P (N)/P(g) = n (x) =

=) ) [ 5 @ P8, 41l ) P o) K+ i 0 F () Ky | @
1y

The double summation in equation 2 reflects the need to partition the

requirement, n (r), into the various spacecrafi subassemblies and to considex

within any one subassembly the different contamination sources. _The parametex

k summarizes all of the post-launch factors which influence the sierilization
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i
requirement, To permit a reasonably sumple presentation, this parameter 1s
fo‘rmulated below under the simplifying assumption that the spacecraft will
either land at the desired velocity, 1.e. a soft landing, or else there will be

a single impact velocity denoted by vy,.

1, for eaterior surfaces
k?.s = Rss (a) Pis 5 (@) Py s (r)=< P(vy), Jorinterior surfaces (3)
lfvn = VSH/Y?J
\ G otherwise

P(vy), L vu=Vi/viy
Ki;=Piy (a) Py (x) Py (x) =+ (4)

0, otherwise

Myt yig)-Plvp),  1fvy2

B B8
v
Ky =P1s(a) " Piy (1) Py (r)= ¢ 11/Y13
),

0, otherwise

where A = 10°m for fy; 1o umts of 1/M,

; B
The velocities, vf‘;” , above represeni crifical velocities at which the contamination

contained at individual sources will be released onto the planet surface, It is to be
noted that release from surfaces and mated surfaces is taken to occux only if the

spacecraft 1mpact velocity exceeds this critcal velocity, as modified by the attenu-

ation factor for the source considered.
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The parameter P (s)in equation 2 denctes the probability that any one
mlc"i;roorgamsm will survive stexilization of a specified duration, In the case of
heat sterilization, FP*'*® (s) could be represented by the corresponding D values,

ViZ.
3,41, B
phie () = lont/D (6)

The D™™®, above, are the microbial resistances at a constant sterilization temper-
ature and t 1s therefore the time required fo maintain this temperature mn order to
achieve a desired value of P(s). In praclice, surtable allowances are made for time
at transient tempexatures 1n a slerilizing range, For present purposes, t can be

viewed as representing the terminal sterilization requirement,

The above model, and extensions thereof which allow foxr a wider spectrum of
umpact velocities, 1s appropriate for operational use in developing specific sterili-
zation procedures and controls, The subject matter of this paper 1s, however, more

readily treated in terms of the simplified version defined below.
5. POTENTIAL EFFECTS OF RECENT FINDINGS

A. conservative approach to the 1mplementation of the constraint n (r) would
result 1f the spacecraft impact velocity, Vv,, 1s taken to be larger than the smallest
critical velocity, vs{ [j’ 5 , at the mndividual contarmination sources, It will also be
assumed that microbial destruction in transit will be effective only for external sux-
faces, It will therefore be convement to segregate open surfaces inlo exiernal ones,

denoted by the superscxipt ° *, and iternal surfaces, denoted by °. This yields

the following expressions for n(r) m terms of total 1mitial contamination on open
and mated surfaces and the various factors previously defined

S
n(r) s n®* (o)~ P*” (a) w0 ¥

/D°

¢ P
s p[° @ 2077 4at o) 10772 e 10Dy DR o) sl vt ] )
1
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It 1s evaident from equation 7 thatl the texms for each source category, 1.e
iorlopen surfaces, mated surfaces, and buried contamination, musti separately be
less than the quaranfine constraini, n (r). Furthermore, that term in equation 7
which 1s largest will necessarily dominate the specification of the sterilization
time t. The principal questions, therefore, relate to which of these source
categories represents the dopmnant term and whether the dommnant texm yields
the smallest terminal sterilization time, A corollory question 18 whether a pre-
ferred term could be made dominant. Figure 1 indicates a number of controls
which might be made a part of the specification of sterilization procedures for
the above purpose., For example, design constraints may be 1mposed on space-
craft unpact velocities and/ox the probabilittes of their occurrence. Similaxly,
some latitude may be available in altering critical velocities of components
which may contain lf,u:ge contamination loads, or to improve the velocity atlenua-
fion at these sources through appropriate design procedures, Amother control is
that of mimimizing the contamination load through the use of clean~-rooms and
related procedures. Some, or all, of these, may be useful, However, to justify
their use, 1t must be ascertained that they are contributing to the reduction of

a dominant term 1n equation 7.

Untal recently, a conservative estimate was made of the probability of
release of buried contarmnation. In terms of ibe parameters defined herein, a
probability of release of umity 1s equivalert io a fracture ratic of about 10°,
which 1mplies pulverization of the ennre spacecraft, This is clearly not a
reasonable estumate of conditions which are likely to occur. Although work on
fracture ratios of typical spacecrafi materials is still 1n progress, it 1s evident
that the fracture ratio will be signtficantly lower than that implied 1n earher
estimates, In any event, the probability of release must be less than umty by
vartue of the fact that the probability of non-nommmnal landing velocities 15 less

than unity.

Earlier conservative estimates of microbial release of buried contami-
nation, combined with the known higher resistance of such confarmination to heat

sterilization, have made buried contamination the dominant term and, necessarily,
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led to a relatively stringent terminal sterilization requirement Referring io the
terms in the parenthesis of equation 7, 1t 1s likely that work now 1n progress will
show the product A X 2 na, g (0) F(wy 'YBi 3) to be smaller than n (o). This
would 1mply a shift t:)wjaxds mated contamination as a basis for defiming steriliza-
tion requirements, However, to benefit from such a shift in any sigmhicant way,
D" would have to be sigmficanly smaller than D°. For, as noted earlier,
current work sets the value of D' between 0.3 and 4. 4 hours and the upper

value 1s very close to microbial resistance for buried conlamination, upon which
requirements have been based to date. There 1s thus a need to gain a betler
understanding of both the effects of equilibrium humdity and pressure at the
mated surf{aces during assembly and sterihization, This may then produce a
value of D' closer to 0, 3 hours, and lessen the ultimate sterilizaticn require-

ments,

It is also evident from equation 7 that even very low fracture ratios and
low microbial load for buried contamination could not move sterilization pro-
cedures to the powmnt where only gaseous ox other non-thermal (or radiation)
treatment could be used, To permit consideration of the latter approaches, a
significant change would have to occur 1n the value of n (r), 1. e, either in P(N)
or P(g). For unless the value of n(r) 1s on the order of unity, or largex, each
of the terms on the right side of equation 7 must be sigmiicantly less than unity.
This 1implies Sterlllzlﬁg methods which can be relied upon to destroy all spores

present with a hagh degree of confidence,
6. SUMMARY AND CONCLUSIONS

Work currently 1n progress 1s focused on the following areas (1) the degree
of spacecraft equipment fracturing at spacecraft impact velocities, both in mate-
rials and at equipment 1nterfaces, so as to obtain more realistic estunates ol
probabilities of microbial release, (2) microhial resistance to beat steriliza-
tion at mated surfaces and the physical condittons which will determine its magni-

tude; and, (3) estimation of microbial contamination buried 1n spacecraft material,
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The above work, combined with suitable controls over mission and space-
craft design procedures, may lead to less stringent {erminal heat sterilization
requirements than had been considered necessary in the past. A determination
of the specific values to be specified for texminal heat sterihzation must, how-
ever, await the more detailed quantification of the various parameters discussed
herein, 1t will at all imes depend upon the values selected for the quarantine
goal, namely, the probability assigned to the risk of any one landing mission
contaminating the planet, and the probability estimated for any one viable

terrestrial microorgamsm spreading and growing on the planel surface,
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ABSTRACT

The analytical model described in this study formalizes the hypothesis
that dry heat inactivation of microorganisms is closely related to the
vater content of the spore and its micro-environment, Experimental
data are examined relative to this model and it appears to be valad.

This model is aimed at overcoming the well known deficiencies of the

logarithm model,
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INTRODUCT ION

Several recent investigations have related envirommental con-
ditions other than temperature to microbial spore survival under heat
sterilization, Murrell and Scoti, Angelotti, and Reid have shown strong
dependency of dry heat death vates on ambirent relative humidity and on
‘water content of the spore®. Hummell and Ordall have found that heat causes
spores to exudc calcium and dipicolinizc acid (DPA) prior to death, while
Alderton, Thompson, and Snell show that spores in aqueous suspension have

improved heat res:stance when caleium ions are present.

In addition to these correlations with environwental conditions
during sterilization, spore survival shows correlations with environmental
conditions that prevailed vhen the spore formed. Vinter shows heat re-
sistance is affected by calcium and cystine availability during sporulation;
Murrell and Werth show correlations of heat resistance with five different

substances found in the spore.

These investigations show the importance of environment’on heat
sterilization characteristics. A simple chemical reaciion does not appear
to be the complete mechanism for spore destruction. Rather, a sequence of
‘transport of chemicals, notably water, oceurs and meodulates the rate at

vhich chemical reactions destroy the viability of the spore.

In this report we present a diffusion-denaturation model of
spore heat resistance thal attempts to correlate with the water effects
observed, and to provide a basis for determining the efficiency of proposed
dry-heat sterilization plans. Such a model 1s immediately useful in a dry-
heat sterilization program, and also offers promise of eventual under-

standing of the remarkable resistance of spores to heat.

*References are listed at the end of this. report.



DIﬁFUSION MODEL
I

\

1 A model to predict the water content of a spore as a function

|
of time, temperature and jnitial water concentration within the spore
has been developed. The assumptions made are that heat deactivation in
spores is due to protein dematuration and that the rate of this reaction

is controlled by the water content of the spore core.

A spore 18 composed of an outer coai (cortex plus spore coats)
and a central core (ecytoplasm) which is the dormant mrcro-organism, The
cortex protects the core from physical damage, chemical contamination
and rapid wettlng_by the enviromment. The coritex is mainly composed of
mucopeptide polymers (Warth et al, 1963) with the chains twisted and
coiled or interwoven (Mayall and Robinow 1957). The coat is mainly pro-

tein with a high cystine disulphide bond content (Vinter 1961},

The heat resistance of spores is assumed to rest in the ability
to control the amount of water internal to the spore. A contractile cor-
tex system (Lewis, Snell and Burr 1960) would provide a mechanism to de-
hydrate the ¢ytoplasm and maintain zt in this state., Chemical variation
in the mucopeptide of the cortex and in the amount of Cu H- or Ca-DPA
(Young 1959) binding to the mucopeptide which may cause the contraction,
could result in differences in the degree of contraction and therefore in
the final waler content of Lhe spore, resulting in marked difference in

heat resistance. -

In the development of this diffusion model we have assumed a
simplified spore structure composed of an outer coat of negligible thick-

ness at a radius surrounding a spherical, homogeneous one.

Water transport thru the spore can be described by the well known
diffusion equation
2, _ 8C 1
DV7C = 7= (1)

. . 3 ' R
where € is the concentration of water/cm, as a function of position and

time. D 15 a diffusion coefficient depending on the medium.
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For a simple example, assume the initial water content in a

spherical spore is distributed radially according Lo

rC(r) =% E;:Ln% - %sin-—%%z—j’ '

(2)

- ¢ -

. !

vhere C{x) is the vater concentration at a distance r from the center of )
the spore, and b is the radius of the spore (see Fig 1). This expression,
as seen in Figure 2, corresponds to a dastribution that 1s peaked in the
outer portion of the spore, and can be considered as approximating the
case where a spore contains more water than an optimum amount. This ex-

cess waler is stored in the cortex.

Applying the diffusion equation fto this initial distribution re-
sults in the time variation shown in Figure 3. Water diffuses inward to
the cytoplasm, and the spore gradually loses water to the medjum., As a
result, the initially-dry central region reaches a peak concentration of
water that occurs around a time t given by

DTt .

o= = LS (3)
where D is the diffusion coefficient of the system. This simple model
assumes D to be independent of position. As a resull, it approximates the
situation when the spore is buricd in an appropriate medium, since normally

one would expect the diffusion coefficient of water outside a spore to dif-

fer from D inside the spore.

Data have been reported by Angelotti (1966) for the thermal ster-
ilization of spores in Iucite. These data (Fig 4) indicate the death rate
to be greatest al about 1.5 hours after commencing to heat the spores at
125°C, VUsing this value for t, in the above equation, vwe arrive at an es-

timate for the diffusion coefficient at 125°C-

D = 1.2.107% (cm®/sec) 4

This estimate 1s 1n reasonable agreement with values for diffusion of protein
molecules in water (Clark, p. 138), Our example requires the oppeosite water

molecyle diffusion in protein, vwhich has an unknown diffusion coefficient,
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and Purther assumes this coefficient does not differ greatly from water

.diffusion in lucite,
i

One method of evaluating the daffusion coéff:tc:.ent, which as
necessary if a daffusion model is to be applied to dry sterilization, is
to look at wel sterilization curves. Such curves are shown in Figure 5
for four temperatures. In wet heat, the spores should abscib water to
some maximum. Then, the denaturation of proteins in the spore, wath this
water present, results in a straighl logarithmic curve for survivors, as

a function of time of heating.

S

Such a descraption fits the curves shown. The knee ol each
curve represents the time at wvhich the cytoplasms of the spores are in
equilibrium wath the external water. For a purely exponential buildup of
water, this occurs about when three relaxation times have passed, accord-
ing to dif{fusion kinetics. The diffusion coefficient calculated by this

method can be fitted to a formula

H = 60 Keal
D= Doe » vhexe T = temperature (%K) )
Do = QConstant

]
Results of the calculations are shown in Figure 6, together with the dififu-
sion coefficient calculated as Eqn. 5. The tvo sets ol experimenis seem
to be in fair agreement, and indacate initial success in applying a diflu-

sion model to the data.
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TMPLICATIONS OF THE MODEL

.- The correlation of water activity with spore resistance in-
dicates that the death mechanism is a denaturation of some vital pro-
tein. Much the same correlation has been observed between protein de-
naturation and water content. Furthermore, the reaction i1s generally
of first-order kinetics, resulting in a logaritimic curve such as 1s

frequently seen for thermal die-off of spore populations.,

The vital protein is clearly in the cytoplasm, since the
outer portiong of the spore, shedded during germination, are not vital.
This outer portion, the cortex, appears to squeeze water from the cylo-
plasm during the formation of the spore, and thereby provides that there
will be a residual concentration that is near the optimum for heat re-

sistance.

Part of the heat resistance of spores has been shown to be
due to calcium dipicolinate, manufactured during the formation of the
spore, and present in the cyloplasm., Ca-DPA is a chelating agent. FPre-
sumably, the vital protein has sensitive bonds thai are protected by

Ca-DPA and other sensitive bonds protected by wvater molecules.

Germination of the spore presumably requires that the protein
be rid of these protections. Excess water can remove the Ca-DPA, the
attached water molecules may separate thermally (heat shock), These
separations, if reversible, would be of little help to germination un-
less the protecting molecules stripped from the protein were to.,leave
the cytoplasm. Thig is the argument for diffusion: it allows proteins
to react with enzymes, ete., in the germination process without hin-
drance from the former bond-protecting agents. At the same time, the

proteins become more sensitive to heat,

Diffusion 1s the random movement of molecules. It 1s charac-
terized by straight-line paths between molecule interactions, and arbitrary
change of direction after the interaction. The net result of the ran-
dom motion 15 a movement ol molecules from regions of high density to
regions of low density. Frequently, these interactions are mere colli-

sions. TIn such a case, the diffusion constant D 1s proportional to

B~ 11



tefiperature. A less frecuent sztuation 1s where the collisions involve
chemical reactions, The molecule moves in a straight line, collides
and "sticks® to a fixed obstéc]e, 15 freed by the action of heat, and
moves off in an arbitrary direction. This kind of diffusion, charac-
terized by a diffusion constant as given in Eq. 5, appears to fit the

process of water diffusing through the spore cortex.

The envirommental conditions prevailing during spore lorma-
tion have been showm to a;fect the subsequent resistance of the spore to
heat, This, too, s as the model would amply. There is no known
mechanism by which the spore can control the watex concentration in the
cortex and spore coats. As a result, the moisture content of these
regions will vary so that they are in equilibrium with external con-
ditions. ‘When the spore is heated, the contenls of these regions can

diffuse invard and outward to affect the heat semsitivity of the spore.

; These tvo mechanisms - diffusion and chemical reactions of
proteins - appear responsible for the survival probability of spores as
a function of humldity, temperature and time., Much work remains in the
analysis of their quantitative aspects, What are the equilibrium moisture
contents of espores? What is the water distribulion inside the spore?
What are the surface transfer properties? Does the Ca~-DPA diffuse, too?
What is the protein denaturation reaction that occurs? How many pro-
tein molecules must denature before the spore becomes nonviable? The
-answers to these cquestions require further study. Many previous experi-

ments, unfortunately, are of little help since not all the pertinent

variables were measured.

B-12



RECOMMENDATIONS FOR FUTURE WORK

1. Moisture Content Analysis

Measurements of the moisture content of spores are needed.
For ease in comparing resulis of different enviromments, only one
species (B. subtilis var, niger is the accepted morm) should be used
and standard harvesting, washing, and drying procedures employed. Se-
lection of procedures is a subject for discussion, but standardizabtion
will permit studies of the resullis Lo be concentrated on the environ-

mental effects,

The environmenls to which the spores ave equilibrated can
vary in temperature, in humidity, and in length of time of equilibration.
Down~side and up-side equilibration need separate studies, in view of
the Yhysteresis" effect observed. The rate at vhich spores give off
water during an analysis, together with the cumulative water emission,

should be measured,

These measurements should be analyzed to see vhether they con-
form to the hypotheses discussed an this report. Evaluations of dif-

fusion coefficients and surface transfer effects should be possible.

2, Correlation of Moisture and Sterilizability

Dry heat sterilization, with moisture content as a parameter,
has been measured with uncertain results. The understanding gained
from the analysis above should provide benchmarks for future measure-
ments of spore sterilization rates, The early work sometimes sufferxed
from a lack of determination of the pressure or the velative humidity
during stevilization. The substrate deserves attention- if it has
good water transference properties it can affect the experiment signif-

icantly.

With knoirledge of moisture transfer properties in the spore,

on its surface, and through the enviromment, it should be possible to



design crucial experiments where the moisture content and temperature
of%the spores are knoun quantities, The die-off of spores under these

' .
co?ditions should be measured. Such experiments include:

(a) Spores in vacuum. The moisture transier outside the spores

is a relatively easy calculation.

(b) Spores in non~permeable materials (e.g. epoxy). With different
initial moisture contents, spores hould show different die-offs, but

each experiment should provide nearly logarithmic curves,

(c) Spores in air. Moisture transfer is affected by the relative

humidity and this can be varied in a sequence of experiments.

(d) Spores of different initial A, in air,

B-14
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SECTION 1 - Introduction

SUMMARY AND EVALUATICN

This document prescribes and evaluates a procedure for estimating upper
bounds on the mean concentration of viable organisms buried within
individual spacecraft materials.?

Presented herein is an analysis of a procedure for assaying biological
contamination buried or embedded in spacecraft materials. The procedure
requires the controlled fracture of representative samples of a material
whose buried loading 1s of interest. Each sample 15 tested for biro-
logical contamination on the totality of surfaces exposed as a result of
the fracturing process. The basic datum or observation consists of the
proportion of samples which yield contamination upon culturing. Conven-
tional statistical techniques, combined with an assumed relation between
the mean concentration of organisms buried within the material and the
observed datum, produce an upper bound estimate for the unknown mean con-
centration, expressed to any prescribed level of confidence, In principle,
the "conservativeness" of the resulting estimate is directly related to
the sample size and the amount of surface area exposed by fracture; as the
sample sizme and/or exposed area increase(s) the difference between the
estimate and the unknown mean load tends to decrease.

“The procedure, if feasible in terms of accuracies derived, engineering
practicality and economics, would be very useful in the specification of
realistic spacecraft sterilization requirements. This follows from the
fact that sterilization requirements are quite sensitive to the release
of buried contamination. Significant decreases in these requirements may
be possible if realistic estimates of the buried bio-loads are made avail-
able. Conventional biro-assay technigues are impractical for most applications
to spacecraft materials since they require that the materials be exrther
pulverized or dissolved. The procedure discussed herein requires neither
of these actions and, moreover, regquires no direct counting of viable
organisms.

There are potential shortcomings in the proposed procedure. In particular,
there may be practical engineering difficulties or cost considerations
which Timit the application of the technique. Moreover, the accuracies
resulting from its application could turn out to be less than desired. For
these reasons, it 1s important that tests and further analyses be conducted
to resolve these questions before steps are taken to eperationally imple-
ment the®procedure.

*The concept underlying the procedure discussed herein wvas originally
suggested by L., Hall, Office of Brosciences, National Aeronautics and Space
Administration.



SECTI;ON 2 - Background

SENSI?IVITY OF MISSION REQUIREMENTS TO THE RELEASE OF BURIED
CONTAMINATTON

Sterilization requirements for individual lander missions are quite sensi-
tive to the release characteristics of buried contamination. Effective
techniques for assaying buried contamination could lead to substantial
decreases in these requirements.

Recent analyses indicate that spacecraft sterilization requirements for
Planetary lander missions are quite sensitive to the release characteristics
of contamination buried (embedded) within spacecraft materials.t In fact,
under the majority of presumably realistic situations studied, the threat
ol buried contamination was the controlling factor in the determination

of sterilization requirements. Withan the context of the subject analyses,
this result was attributed to the relatively high resistance of buried
contamination 'to sterilizing temperatures, as compared with resistances of
contamination located on open and between mated surfaces (resistance being
represented by the D-value parameter of the expomential survaival curve).

The relatively high resastance of buried contamination presently assumed
(viz. Dygzs®c = 5 hours) was not the only factor contributing to the
dominance of burwted comtamination in the delermination of sterilization
.requirements., Two other major contributors were (1) the break-up character-
istics of gpacecraft materials containing buried contamination and (2) the
amountt of contamination actually buried srithin these materials, i1.e. the
threat of buried contamination 1s directly related to the existing amount
of contamination and 1te accessibility to a planetary environment upon
impact. The lack of definitive data relating to these factors presently
necessitates a pessimistic view of their quantitative effects on steril-
ization requirements. Therefore, in exploring alternatives for decreasing
sterilization requirements on individual lander missions, consideration should
be given to justifying less pessimistic representations of the effects of
these factors. This could be accomplished by determining more realistic
estimates of spacecraft break-up characteristics and buried bio-loadings.

The break-up characteristics of spacecraft materials should be and are being
investigated, However, there are inhevent difficulties associated with the
quantificatron of this aspect of the buried brological threat. TFor example,
there are practical problems associated with measuring the amount of break-
up and relating 1t to flight path parameters such as impact veloecity, In
fact, very little is presently known agbout the fracturing characteristica of
the many varieties of spacecraft materials. In many respects, determination
of the amount of buried contamination is less complicated than the break-up
problem. For example, the magnitude of the buried bic-load has nothing to
do with the uncertainties of the mission flight path whereas the amount of
spacecraft break-up is intimately related to the mission flight path para-
meters. The extensive background material in existence concerning biclogical
loadings and their measurement, also suggests it to be a more fertile area
of investigation. o
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SECTION 2 - Background

DRAW?ACKS OF CONVENTIONAL BIO-ASSAY TECHNIQUES

Conventional techniques for assaying buried contamination are impractical
for applications to most spacecraft materials since they require that
materials be either pulwverized or dissolved.

- ——

Standaxd laboratory procedures for the detection and enumeration of buried
contamination {all into two major categories., One class of procedures
requires that the subject material be broken into very small pieces (x.e.
pulverized) and that direct counts of the exposed organisms be made. A
second class of procedures requires that the material under investigation

be dissolved 1n a suitable solvent which is non-toxic to the buried organisms.
This second procedure also involves the subsequent counting of exposed
organisms,

Several drawbacks are inherent in the application of the above techniques,
especially where spacecraft materials are involved. Basically, there are
serious questions relating to the practicality of pulverizing or dissolving
most spacecraft materials (as opposed to laboratory application of those
techniques which mainly involve materials that can be appropriately pulverized
or dissolved). 1In the particular case of pulverization techniques, the
basic objective is to reduce the solid to particles of a size which essentially
- releases all organisms that axe present without damaging the individual
cells. Significant numbers of organisms usually go undetected since the
chance of releasing all of them is very small, 1In addition, it has been
found that the pulverization process itself damages or "kills" saignifaicant
numbers of organisms, thus rendering them undetectable. For the most part,
these two engineering problems prohibit a precise assay; if the pulverization
is complete enough then it is likely that a signifaicant number of organisms
will be damaged in the process. The analogous problem associated with Lhe
use of solvents 1is that very few types of materials can be dissolved with-
out using combimations of heat, pressure and chemicals vhich destroy the
buried organisms. Finally, both classes of procedures are appropriate only
when counting high concentrations of contamination. They are inefiective
or, at best, inefficient when applied to the low numbers of organisms
buried within aerospace hardwvare. Their reliability for measuring low densi-
ties, (e.g. less than one organism per cubilc centimeter) has not been ade-
quately established.



SECTION 3 - Development of the Bio-Assay Procedure

BASIC CONCEPTS AND ASSUMPTIONS UNDERLYING THE PROPOSED PROGEDURE

The proposed procedure is premised upon a more-or-less uniform distribution
of buried contamination and the release of the biological contents of a
subvolume of material exposed through fracturing.

Suppose a given volume of homogeneous spacecraft material which contains

buried contamination is fractured into several distinet pieces, It is reason-

able to assume that the fracturing process effectively exposes the bio-

logical contents of a subvolume, Vg, of the interior of the material. Anal-

ysis of recent fracturing experiments indicates that Expression (1) on
the facing page 1s an acceptable representation of the exposed subvolume.
In this expression Ay denotes the surface area newly exposed as a result
of fracturing and A denotes an effective depth of penetration, i.e., the
depth beneath the exposed surface to which previously buried contamination
15 released. TFor convenience, A 15 designated the "exposure depth co-
efficient”, This concept of a subvolume exposed' by fracturing was applied
to the data obtained from the previously mentioned experiments. Estimates
of A evolved which ranged between one (1) and three (3) microns. This
range has intiuitive appeal in that 1T encompasses the mean diameter of
microbiral spores,

~ It 15 reasonable to assume that contamination buried within an homogeneous
material 1s, for the most paxrt, uniformly distributed throughout the in-
terior. Moreover, assuming a standardization or uniformity of parts pro-
duction procedures suggests that the concentration of contamination per
unit volume of material is randomly distributed about some Ffized value, C.
These obserxrvations, along with recognition of an essentially unending
source of contamination in production environments suggest the Poisson
distribution as an appropriate formulation for describing the dispersion
of buried contamination within homogeneous solid materials. This being
the case, the probability that exactly K organisms are contained within
the exposed subvolume V_ is given by Expression (2). 1In this expression
N denotes the number 6f organisms exposed through the fracturing process,
The preceding two assumptions on the effective subvolume of material ex-
posed by fracturing and the uniform dispersion of biological contamination
within the selected materials constitute the basis for the analytical bio-
assay procedure presented and applied in the remainder of this report.



Effectave Subvolume of Material Exposed Through Fracturing

e e (1)

A - Exposure depth coefficient

Ae ~ Exposed surface area -

Probability that Exaetly K Organisms are Exposed Through Fracturing

(ra of -rac
_ e e e

R *
K = 0,1, 2 " = *
C = Mean concentration of organisms per unit volume of material,

C~5



SECTION 3 - Development of the Bio-assay Procedure

THE ﬁASIC MATHEMATI CAT, RELATIONSHIP (MODEL)

The probability that buried contamination will be exposed through fracturing
1s obtained f{rom the agsumed Poisson distribution. The resulting repre-
sentation is the basic relationship or model underlying the proposed bio-
assay procedure,

The probability that buried contamination will be exposed when a solid
material is fractured can be obtained from the previcusly developed form of
the Poisson distribution (Expression (2) ). It coincides with the Poisson
probability, p, that at least one viable organism 18 contained in the
effective subvolume of material exposed ae a result of the fracturing pro-
cesg. The expression for this probability, indicated by Expression (3) on
the facing page, constitutes the basic relationship underlying the proposed
bio-assay procedure, For convenience, it is rewritten in Expression (4)

as a relationship which specifies the mean concentration, C, of organisms

per unit volume of material in terms of the parameters A , Ae, and p.

In principle, 1f values of X , Ay, and p are specified, then the unknown
concentration, C, can be determined on the basis of Expression (4). In
practice, none of the above parameters can be determined or controlled
exactly. The exposure depth coefficient, A , can be estimated on the basis
of experimental laboratory data on varied materials. (The previously men-
tioned estimates of A were determined on the basis of Expression (3),
controlled values of € and A, and experimentally obtained estimates of P.)
Assuming that the area, A,, exposed through fracturing can be contxolled
sufficiently, estimates of p can be obtained experimentally. These estimates

of p can be converted to upper bound estimates of C to anmy level of confidence

on the basis of Expression (4) and standard statistical estimation techniques.
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Probability that Buried Contamination 1s Exposed Through Fracturing

r{n >1}

1 -2 {x =0} ‘3’

-L A G
e e

o
)

The Mean Concentraltion of Buried Contamination Per Unit Volume of Material

c = Q-1 (4)
A Ae
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SECLION 3 - Development of the Blo-assay Procedure

STATISTICAT. LOAD ESTIMATION PROCESS

An upper bound estimate of the mean bio-load, expressible to any level of
confidence, is determined from Expression (5) and experimentally obtained
estimates of the probability that buried contamination will be exposed
by fracturing.

Suppose that s samples of a specific spacecraft material are selected at
random {(e.g., the samples could be piece parts constructed f{rom a particular
homogeneous material). Further, suppose that each sample is fractured ex-
posing a predetermined azmount of new surface area, the same area being gen-
erated for all samples. Each sample 18 classified as "positive" if and
only 1f biological contamination is found on the newly exposed surface area
upon culturing. Assuming all samples are processed according to a fixed
experimental procedure, the number of positives 1s Binomially distributed
with "success" parameter p, as defined in Expression (3). Hence, the pro-
portion, ﬁ, of positives has an average or mean value p and 1s distributed
as specified in Expression (5) on the facing page. Knowledge of the dis-
tribution of p allows for the determination of arbitrary confidence in-
tervals for the unknown p, expressed in terms of observed values of { .
Appendix A contains a procedure for obtaining confidence intervals for p
_in terms of ﬁ and the sample size s. TFigures I - B through IV - B of
Appendix B are displays of 50, 80, 90 and 95 percent confidence intervals
for p, respectavely, determined using the procedures ocutlined in Appendix
A, The various curves 1n each figure correspond to selected sample sizes.

Since the mean bio-concentration, C, specified in Expression (4) 1s an in-
creasing function of p, upper confidence limits for p can be transformed,
via this expression into corresponding confidence limits on C. Since this
transformation involves the exposed area as well the sample size, a given
confidence limit on p transforms into a distinct confidence limit on C for
each value of exposed axea. Tigure V - B through VIII - B of Appendix B
display the resulting upper confidence limils on C, corresponding to selected
values of s, A_and the observed proportion, P, of positives. It should be
noted that the lover confidence limits on p.are not transformed into

limits on C in these figures since primary concern here is with upper bound
limits.

Figures V « B through VITL - B of Appendix B provide the necessary tools for
testing and implementing the proposed analytical bio-assay procedure. The
remainder of this report contains a step-by-step procedure for applying
these figures, an 1llustrative application and a discussion of potential
sources of load egstimation error assocrated with the procedure.
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SECTION 4, - Applications of the Biro-assay Procedure

SUMMARY PROCEDURE AND TLLUSTRATICN

The preceding development is converted to am operational procedure using

Figures V-B thru VIII-B of Appendix B.

On the basis of the preceding development, a protocol for establishing upper

bound estimates of the mean bio-load buried within a given spacecraft

material 1e summarized as follows

1. Determine an appropriate cowbination of sample size,
s, and area to be exposed, A, (this decision 1s
based, for the most part, upon "fracturability” and

cost considerations)

2. Seleet at random a number, s, of samples of the

given spacecraft material.

4

3. Fracture each sample so as to yield the selected

amount , AE’ of newly exposed area,

4, For each sample, establlsh'whethef viable organisms
were exposed upon fracture., Tet p denote the
proportion of samples which yield contaminatiocn,
i.e. p is the proportion of positive samples.

5. On the basis of s, A, andﬁ and the desired
level of confidence read the corresponding upper
bound estimate of the mean biro-load on the appro-
priate graph from Figures V-B through VIII-B of

Appendix B,

The indicated graphs do mnot allow for arbitrary selections of the sample
gize and exposed area., In the event that curves corresponding to other
values of these parameters are needed, they can be determined from
Expression (4) and Figures I-B through IV-B of Appendix B.

To i1llustrate the procedure, suppose that 25 samples of a given spacecraft

material are selected and each sample is fractured, yielding an exposed

area of 2.5 square inches. Suppose that 15 of these samples display con-

tamination on the newly exposed surfaces. ¥Finzlly, assume that an upper

bound estimate of the mean bio-concentration is desired at the 90% confidence
level. 1t 1s determined from Figure VIII-B of Appendix B, 1.e. the graph-

1cal display corresponding to the 90% confidence level.
curve 1n this figure is the one corresponding to the given sample size, 1.e.

The appropriate

$=25. The observed proportion of positive samples 1s given by p = 15/25 = 0.6.

This value on the horizontal axis of the figure determines the appropriate

point on the s=25 curve. Using the vertiecal scale corresponding to the
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1
expo%ed area A.e = 2.5 1n2, an upper bound estimate of the mean bio-
concéntration is seen to be less than 1.04 x 104 viable orgaAnlsSms per
cubi& inch with 90% confidence. This concentration, when multiplied
by thHe total volume of subject material on the spacecraft, produces an
upper bound estimate of the bro-load buried within the given material.

Cc-11
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SECTION 5 -~ A Preliminary Evaluation of the Bio-assay Procedure

SENSITIVITY OF LOAD ESTIMAIES TO THE CONTROL AND MEASUREMENT OF A AND AE

To a first order approximation, percent errors 1n the measurewent of either
A or A_ induce equivalent percent errors in estimates of the mean con-
centration of buried contamination.

As indicated in Expression (4), the mean concentration of buried contamination

is inversely proportional both to the exposure depth coefficient, A , and
to the cxposed area, A . Therefore, to a first order approximation, percent
errors in the measurement of erther one of these parameters result in
identical percent errors in the mean conceniration of buried contamination.
Although this statement cannot be extended beyond certain limits, it does
provide an approximate quantitative measure of the effects of measurement
errors 1n A and Ae on estimates of the unknown mean concentration, C.

As noted earlier, experimentally determined estimates of A ranged between
one and three microns for a specific material (lucite) and particular
measurement procedures. If the "true" value of A lies within this range
for all spacecraft materials then a maximum of 300% error in )\ 15 possible
(i.e., assuming A equals 3 microns but 1s estimated to be L micron).
Assuming that orxder or magnitude estimates of spacecraft bio-loads are
sufficient for most applicatirons, errors of the above magnitude appear to

be acceptable. 1In any case, taking A as the lower limit of the range of
estimates (r.e., 1 micron) provides more concervative upper bound estimates
of C than would any other value selected ain the given range; this 1s con-
s1stent with sterality assurance. Thexre i1s no question, however, that
estimates of A corresponding to materials other than lucite 1s desirable,
if not mandatoxy. .
There 1s a sparsity of both theoretical and empirical data on the comtrol
and measurement of surface areas exposed by fracturing materials of the
types used in spacecraft construction. Moreover, the implications of a
given distribution of measurement exrrors in A_ are, at best, difficult to
derive on a statistical basis owing to the relatively complex relationship
between A, the observed datum, §, and the estimated mean biological
concentration, For these reasons, it is difficult to speculate on the
errors introduced into biro-assay estimates as a result of incorrect measure-
ments of exposed areas. The previously referenced Pheonix experiments
failed to provide sufficient data for resolving these questions completely,
even as applied to lucite. However, evaluation of the experimental pro-
cedures and the resulting data does suggest that, for this particular
material, the area control and measurement procedures used along waith
selecting A  equal to one micron is adequate for present purposes. Here
again, extrapolation to other materials may not be wvalid; hence, additional
data in this regard is warranted.

Cc-12



SECTION 5 - A Preliminary Evaluation of the Bio-Assay Procedure

ADDITTICNATL, SOURCES OF POIENTIAL ERROR

Potential sources of error related to deficiencies in the sampling and
culturing processes as well as the analytical model itself indicate the
need for controlled tests of the biro-assay procedure.

.

The proposed procedure evolved, in part, from the assumption of a Poisson
distribution of viable organisms vithin the interiors of materials being
agsayed, Although this representation has intuitive appeal for most appli~
cations, a test and wvalidation phase i1s nevertheless necessary before
implementation is considered.

Estimation errors are Llikely to aceur if improper sampling, and/or culturing
procedures are followed., In sampling material, care must be taken to insure
that a representative cross-section is selected, i1.e., samples independently
taken from distinct batches of the given material. Otherwise, the selected
sample size could be insufficient for attaining a desired confidence level.
The culturing procedure 1s intimately comnected with the exposure depth co-
efficrent, A , since the depth of penetration 1s likely to vary with the
nature or type of culture medium. Tor any given depth of penetration, how-
ever, the culturing process should be capable of detecting all viable
organisms which are exposed,

It is important to note that the proposed bio-assay procedure, if successful,
produces upper bound estimates of the mean concentration taken over the
total population of the sample material under znvestigation. This is less
than desairable from the standpoint of application to sterilizalion require-
ments for individual lander missions. For example, it is possible, though
quite unlikely, that the dispersion of concentration from sample to sample
is very large. If so, an upper bound estimate of the mean concentration to
any level of confidence could have a relatively high probability of being
less than the concentration of a randomly selected sample and spacecraft.
Further testing and analysis are warranted on this basis alone.
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SECTION 6 - Recommendations

THE NEED FOR TESTING AND FURTHER ANATYSTS

Tests and additional analysis of the usefulness, engineering practicality
and economics of the proposed procedure are recommended pror to
implementation.

Application of the proposed bio-assay progedure to any given spacecraft
material yields an upper bound estimate, C, of an unknoun mean concentration
of buried organisms within the material. The usefulness of this estimate
depends both upon 1ts accuracy and the amount of information it confains.
Acceptable quantitative measures @f the effects of the previocusly indicated
error sources on the accuracy of C must be determined. Further, the pro-
cedure must be shown to yield information which 1s needed and presently
unavailable (e.g., estimates vhich are consistently greater than already
known upper beounds are of little or no uge). Attainment of these objectives
requires the accomplishment of appropriiate tests and analyses. TFor example,
experimental test applications should be conducted on various classes of
materials wherein the buried loadings are controlled (known). In addition,
further analytical studies should be pursued vhich relate to the effects

of (1) errors in the measurement of A  and A , (2) the assumption of
uniformly distributed organisms and (g) the errers introduced by virtue

of the fact that estimates relate to the mean concentration rather than

the particular concentration going aloft 1n a spacecraft.

A research area requiring investigation 1s the engineering practicality of
applying the proposed procedure, It must be determined, for example,
whether appropriate control and measurement of the area exposed, A , is
feasible. (The requirements on this accuracy should evolve 'from the efforts
discussed i1n the preceding paragraph.) The practicality of appropriately
culturing the exposed surface areas also requires additiomal study.
Finally, consideration must be given to the economics of the proposed -
procedure, For the most part, this should be based upon the cost of se-

curing and processing sufficient numbers and varieties of sample spacecraft
materials,
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APPENDIX A ~ Computation of Confidence Intervals for a Binomial "Success"
Probability

Confidence intervals can be established for the ""success® parameter of a
Binomial distribution by using an approzximating normal distribution,
These intervals can then be transformed into upper and lower bounds upon
the bio-load.

Ags indicated in the main body of this report, the confidence limits estab-
lished for the mean bio-load are dlrectly related to the confidence intervals
for a Binomially daistributed wvariable p, which represents the observed pro-
portions of times contamination vas detected in the load estimation procedure,
Expression (Al) on the facing page expresses the definition of a confidence
interval, The interpretation of this expression 1s; for a confidence of 1~ ,
the probability that the parameter p i1s contained within the interval (p., P_)
is greater than or equal to 1~ &. ¥For the particular use of a Binomial 15-"
tribution, Expression (Al) 1s solved by first considering expressions (AZ)
and (A3). 1In these expressionsg, the parameters p and p_ take on the largest
possible value such that the given inequalitiles are satisfied, This would
then give the (1-¢) confidence interval of (p., p ) on the parameter p. How-
ever, from a computational point of view, Expression (A2) and (A3) are sub-
ject to round-off errors and machine overllow. By using a well-known normal
approximation to the Binomial distribution, we can replace Expressions (AZ)
and (A3) with the corresponding expressions resulting from this approximation.
~The approximating normal distribution will have mean p and standard deviation

[p (1-p)
N

Thus p and ﬁ are related as in Expression (A%4) on the facing page. This
equation must be solved for p in order to obtain p. and p_. It can be shown
that Expression (A5) is the result of solving (A4) to obt&in p 1n terms of .
Expression {A4) with the plus sign corresponds to the upper half of an ellipse
which gives the upper confidence limit on p. Likewise, using this expression
with the negative sign gives the lower half of this ellipse corresponding to
the lower coniidence limit on p., A family of these ellipses s shown in
Figures (I-B) thru {(IV-B)} of Appendix B. Since we are interested in upper
bounds on the bio~load, Expression (A6) gives the upper bound on the bio-load
in terms of P,

In the load estimation procedure a value for p would be obtained for the

partiecular sample size used., For this wvalue of p and for a desired confidence
level, P, would be obtained from Expression (A5).
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APPENDIX B

Graphical Displays of Confidence Lamits
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DESCRIPTION OF THE PROCESS BEING TREATED

The impact of a lander on a planet could have serious conse-
quences 1f one desires not to contaminate the planmet. In the light
of this cone should examine the implications of fracturing and ex-
posing of surfaces which might "instantaneously” or subsequently
release viable spores. Here we will consider the relatively slow
process of erosion although the fracture and the erosion phases are
not necessarily independent. For our purposes we will take the
fracture as having occurred and characterized by a fracture-ratio.
(ref., #2 ) The fracture-ratic is defined as the area exposed
through fracture divided by the volume of the sample, An expres-
sion for the erosion of spherical shaped particles and an expres-
sron for the probability of release given that a quantity of the
sample erodes in the quarantine period have been derived. Calcu-
lations based on experimental data have been wmade for the erocsion

rate.



THE EROSION PROCESS

Assume no preferred wind direction and assume the fragments
roll about freely. Then erosionof a fragment by wind-boride agents
15 often radially symmetric. This suggests that we can study the

erosion of a sphere as typical of the erosion process.

Figure 1. The geometry which will be considered here.

The ratio of volume removed to original volume of the fractured piece is

F-1-(3) ®
{case 1) ® =R - etq 1f R > setg
or {case 2) x=20 if R < etq
where € = erosion rate (rate of eroding surface) (ref. #2)

tq = time of quarantine.

when R > etq, Equation 1 becomes -%.V.. =1 - ( i - £tq )3 ()
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The equation 1n this form 1s unmanagable due to the fact that the

é parameter is still present. We would like to find R as a function
of a macro-parameter, say the fracture-ratio £ as previously defined
(ref. #2). To do this it 1s necessary to assume some break-up model
(r.e the way R is related to the dimensions of the original sample of

materzal)

Suppose the original sample were a cube of edge length L, and
fractures completely into equal sized particles of which a sphere of

radius R is typircal. The number of particles 1s approximately

312

pres @

=
n

8 2 2
and the {fractureratiois f = 5% 1 = MATR é‘GL
- Vv L

where Sf 1s the final surface exposed and Sl 1s the imitial surface.

Equation {3) simplificd gives,

U
Wwirh
+

(4)

B | =
el Y

3
Equation (2) then becomes &V _ 4 _ [1 - et (.g + g_)
v =1 A 3 L] - )

The erosion rate (e) can be determined from existing data. In

(vef. #

3
experiments by Neilson and Gilchrist ), lucite and aluminum were

eroded by aluminum oxide particles of 210 micron diameter. The results

show that
dm _ g (6y. 6. A (6)
dt

where dm _ the rate of loss of mass _
dt y



E () a proportionality factor depending upon

the angle of attack and the material

$ = the mass-flux of particles per umit area
striking the surface.

A = the cross-sectional area
The mass eroded from the sphere in Figure I. 1is

fm = AAV = dhm (R®-x%) (7
3

where d = density of substance being eroded

Differentiating (7) with respect to time and combining with (6)

gives,
_dx = E(9) .4
* T 24 @)

Substituting equation 8 into equation 5 gives,

g1 E(§>d.@tq.(éf+%)]a (9
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E:.STIMATION OF PARAMETERS
i

Hertzler at McDonnell Aixcraft Corporation in simulation of
the Martian atmosphere has arrived at estimates of wvelocities of

winds on Mars and volume of abrasives carried by the wind (ref. 4)

Average wind velocity = 220 ips.

Particle comcentration = 10 % oz./ft>
Then the mass-~fluence per unit area is,

§ = 4.68x10° 1b/u/YR.

Y

sy ,aJ
£ oI5 /3 _
g a0 [QELEIECA] o o | i g ixa?f:glcnr-\L
i 5 s
§ /-— A\K"‘Dw §
2 Xl e ' 10
F4 B
s ] ¥, f g
3 A i a ]
1] g t i -
h < g e
A i ‘D ‘ﬂ
4] \ 7 s .
2 0 = 3
Q N Eol o \
3 \\ 3 //wD *
& e o b ~
13} ~. e \Q"":
Bt —_ - "\__
=] 80 &0 LY o 307 &0 20"
ANGLE OF ATTACK ANGLE OF ATTACK

gx1850 FTLB & fom, £12570FT LOF/aM, 175

E=2SUFTLB Ffom, £28B375 FTLB FlaM, ALz SC

Figure 2. (after Neilson and Gilchrist) ref, #3

(a) Exosion vs. angle of attack (b) Erxosionvs. angleof attach charac-
characteristic for lucite teristic for aluminum eroded
eroded by 2100 aluminum oxide by 210y aluminum particles
particles at 420 fps. at 220 fps.

From figure 2a one may estimate E (@). We will take the maximum

of the curve for lucite for our calculation. {(n.e. E (8) = E=2.5x10-3)
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Wole, however, that the experiment for lucite was conducted for
particles at 420 fps where as we are postulating wind and parti-

cle velocities averaging 220 fps. A corrected estimate of E is

taken to be

E=2.5x10"° ( 220 \* = 6.9x107*
420
For lucite d = M =2.9x10% 1p/®
(.305)
or the erosion E.0 2
rate for lucite 18 € = —2-d— = 5.6 x 10 M/YR. (10)

2
A similar calculation e = 1.9x10 M/YR.
for aluminum vields
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MODEL OFF THE PROBABILITY OF RELEASE

Assume a cube of edge length L impacts and fractures with
fracture~ratio £. Also, assume that AV of the original volume
V 15 eroded away during the period of time tq. If M spores are

distributed randomly in the volume V then

P(release| AV erodes i1n tq) =1 - e M Ay (i1

v

Substirtuting equation 10 into equation 9 and combiming with

equation 11 gives an estimate of the probability of release s

~u {1 f1-poeq(£42)] }
P(release| & erodes in tq) = 1 -e 2d *3 L

(12)
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SENSITIVITY OF P (re/AV erodes 1n tq) TO e, £, AND L

We calculated the following two cases.

PARMMETER BEST WORST
8 107 m/year 10" ® m/year
f 10%m ™t 10°m 7*
L im 10 % m

Graphs Figure 3a and 3b are the results of the calculations.
In both graphs the model indicates virtually no dependence on L,
the size of the sample, and only when all parameters are "near™
best case does dependence on &, { become i1mportant. In other
words, the amount of material eroded from the spacecraft debris,
after a hard impact, 1s almost independent of 1ts size but ddes
depend on the fracture ratio I due to impact, and the erosion
rate ¢ of the materials present. A further observation can be
made 1f the_quantity

+ )<<1

W] Hh
ire

Etg (

e-Metq(f-I-—-—ﬁ—) (13)

then Eq. 12 becomes P (re/N)=1 - L

furthermore 1f Metqg (£ + -%- ) <<1

then expansion of P (re/&V)=Metq (f +-% )
the exponential

gives the approx-

mmation

(14)
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Note the similarity between Eq. 14 and the model of P(re/VI)

in reference No. 1 1f one makes the following transformations

(0 _ 6 6L°
e
f £
Mo} M
p(re|dv) = M(o) etq (£° + £) (15)

Figure 4 shows the error involved in using equation 15
instead of equation 12 as a function etg (-g-—?: —% } if M 1s on
the order of 1.
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0.1

0.01

0.001

Equation 15
{ref. #1)

Equation 12 '

-3

10

10
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Probability of release

Probability of release

O.l

0.01

0.001

0.5

<4
f
i
L .
: .
'b K
f = 10% - £ = 10°
L=1 ‘ L =107

3a. ALL "best" case except for variaition of one parameter

f.L //7
g

(Same scale as above)

L4

3b. ALl "worst' case values except for variation of one parameter,
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CONCLUSION AND RECOMMENDAT IONS

Cuxrves 3a and 3b indicates that the dimensions of the
original sample are not of primary importance in estimating the

P ( release IAV erodes 1n tq) .

On the basis of this model the erosion rate € and the fracture
ratro (f£) show no clear domrnation one over the other for the range
of parameters considered. There is difficulty 1n estimating both
but there is more uncertainty about €. The range chosen for ¢ 1s
10 ®M/yr. to 107 °M/yr. This involves 4 decades and includes the
totally '"worst case” situation in which the eroding agent 1s assumed
to be uninterpreted at a rate of 220 feet per second for 17 years!
The other extreme is the order of magnitude of terrestrially observed
erosion rates. This wide range of uncertainty arises from our un-
certainty about the flux of the eroding agent, $¢. It 1s recommended
that a closer examination be taken of @ with a view to arriving at
an estimate of the expected abrasive-flux. This might possibly be
done by examining the distribution in crater populations of the
moon and Mars as photographed by Mariner’s V, and VI to arrive at a
better estimate of § for Mars. Because of the scarcity of small
craters on Mars (Ref, #5) estimates of the extent of the transport-

erosion process can be made,
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INTRODUCTION AND SUMMARY

This report summarizes the study conducted by Exotech Incorporated
under Task D of the subject contract., This task was initrated under

modifaication No. 2 to the contract dated August 15, 1969,

The study described herein represents a [ollow-on effort to the
planning study conducted by Exotech Incorporated under an earlier contract
aimed at selecting an approach to establishing an organiec constirtuent
inventory for the Moonk. Based on the results of thig planning study

NASA selected an approach containing the following two essential guide-

lines:

{a) Documentation of lunar mission spacecraft should be
preserved for possible future examination to identify
types and quantities of organic materials deposited
on the Moon. A detailed analysis of this documenta-
tion should not be undertaken until justified by
requirements from investigation of lunaxr sample

materials.

(b) An information system should be established whach
identifies regions of the Moon where the rigk of
contamination in surface samples 13 significant,
including identification of the degree of risk and
the spacecraft which contribute to the location -

dependent material contamination.

The present study represents the initial step 1n the implementation
of the above approach in that 1t considers the detailed procedures and
tasks to be undertaken to collect, evaluate, store and disseminate data
which will serve anticipated needs of lunar sample investigators, consistent
with the requirement that costs associated wrth implementation and operation
of the inventory be consistent with konown needs for this information. The
pramary tasks pertinent to thais effort involved (1) determining the avail-
abi1lity of lunay mission vehicle documentation and the means for coellecting

1t an a form suitable for Ffuture evaluation, (2) the collection and

1P1ann1ng Study for an Organic Constituents Inventory Program,
R.G. Lyle, Exotech Incorporated, Repoxrt No. TRSR-68-029 under
Contract No. NASW—1668}\ﬁay 1968



utilization of spacecraft trajectory parameters, landing sites and dispersion
patterns for crash and soft landings, and (3) evaluataing the compatibility
of required date uinputs with the existing Planetary Quarantine anformation

systen,

Sections II and ITI of this report summarize, rvespectively, the
approach taken in this siudy and the detailed analysis of the questions
considered, This 1s followed in Section IV by a set of recommendations
for implementing the chemical materials inventory in accordance with the
guidelines set forth above. A summary of these recommendations is also

provided below,

The minimum requirements for the preservation of pertinent mate-
rials information are retentron of documentation by lunar mission
spacecraft contractors and notlfiéatioﬂ of the Planetary Quaranéine Office
prior to disposal. This would apply te NASA contractors for the Ranger,
Lunar Orbiter, ATMP, Suvxveyor and Apollo programs., In addition to this,
however, the following procedures are recommended for congideratzon by

NASA:

1. Designate a Federal Records Center to receive all docu-

ments and organize a filing system by mission designa-

tlons.

2, Order all documentation sent by U.5. Mail to the designated
Federal Records Center at end of the existing contractual
requirements for retention, including those documents

already in other records centexs.

3. When contractors and agencies desire to retain copies of
the information, require film copies suitable for aper-
ture card 1nsertion to be forwarded to the designated

center.

4. Expand COMAT/TRIS System of Apollo program to include
materials information on module sections not now covered.
Information 1s not to include flammability or other data
as in current system, but should include specification
and property information which vwould be of use in aden-

—

tifying portions of the material at a later date.



5. Require copies of documentatron on future £lights to be

supplied within thirty days after launch.

Concerning the preparation of an information system, a two step pro-

cedure 18 recommended as follows:

1. 7Prepare a contamination risk model of the lunar surface
erther in tabular form or preferably as a '"risk-contour”
map, based on the best avairlable estimates of spacecraft
landing sites and the particle digpersion associated with
the mass and velocity characteristics of hard and soft
landers. Daispersion models suitable for this purpose are

the Sandia and Grumman models referred to in the texl.

2, Disseminate among lunar sample investigators, and to
others associated with the planning of lunar scientific
exploration information concerning the documentation to
be kept in storage and the available information. Include
a questionnaire to permit the estimation of expected usage

of information systems data of various levels of detairl.

The above recommendations are expected to result in an optimum pro-
cedure for the implementation of a lunar chemical contaminant inventory,
consistent with known cost and technical counstraints. These recommendations
and the source data upon which they are based, are elaborated upon in the

body of this report.

The study described herein has been conducted by Robert G. Lyle and
Lester D. Shubin of Exotech's Systems Research Division, under the overall
direction of Samuel Schalkowsky. The contributions of highly pertinent
information by the various personnel cited an this report from NASA, NASA

contractors and from the scientific community, are gratefully acknowledged.
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II. APPROACH TO THE STUDY
1. Defanation of the Problem

The proper application of the results of this study should make
possible the preservation of space vehicle documentation from whaich con-
taminant identification and quantization may be developed 1f required,
and should enable the delineation of contamination risk zones on the lunar

surface,

In order to gain an in-depth understanding of the entire problem,
it was subdivaided anto saparate tasks. These tasks define the inputs re-

quired to accomplish the goals set

a. Determine the location and form of the documentation

required to identify spacecraft materials,

b. Examine the available dispersion models developed for
high speed impact and soft landaing vehicles and deter-

mine their applicability.

¢. Determine the most productive course to follow in the

collection and storage of pertinent documentation,
2. Procedures Followed in the Investigation

Personal communication was established with the cognizant personnel
(see Table 1) at the agencies and companies holding the documentationm.
Discussions covered the availability of the documentation, the amount, the
current form, its storage location, and the length of time that 1t would
be retained. These conversations were followed by written correspondence
which formalized estimates by these companies of the costs of copying,
transferring and sorting the documentation in several ways. These alterna-

tives are presented within this report.

Documents were acquired {rom the Grumman Aerospace Corp., detailing
the dispersion model for contaminants emanating froy soft landers and from
the Sandia Corp., relating to both the dispersion of fragments from hard
landers and the Planetary Quarantine Lunar Programs Information System.

These documents were examined to ascertain the applicability of the dispers

+

i0omn



TABLE 1

PROJECT NAME OF CONTACT ORGANTZATTON
Ranger Mr. Irl Newland,* JPL

Librarian
Surveyor C. W. Lefever, Mgr.*®% Hughes Aircraft

Contracts, SSD

Orbiter H. M., Millexr, Mgr, #™%
Contracts Space

Apollo Arlie Garter
J. Steinthal

ATMP F ZLedoux

Boeing

GE/Houstion
NASA/MSC

GSFC

*For Technical Information

e

Mrs V. Pritchard (213-354-43210
*%  Perry Ackerman (213-648-4134)
*¥% W. C. Galloway (206-656-21211



models to the invenlory problem and to define the interface between the
existing information system and the inventory. In addition to this
literature study, personal communication was established with a number
of personmnel concerned with the content of these documents, and with re-

lated problems of lumar surface contamination,

In addition to the persomnel listed in Table 1, conversations were

held with the following persons:* -

1. Mr. A.L. Roark of Sandia Laboratories on the Lunar

Information System computer program;

2. Dr. M., Aronowitz of Grumman Aerospace Corp., on the

dispersion model of the IM exhaust products;

3. Dr. A.L. Burlingame, Space Sciences Laboratory, Univ.
of Calif., on the sensrtivity of mass spectrometyic

measurements of lunar materials,

4, Dr. Elbert King, Curator of the Lunar Receiving
Laboratory, concerning current practices of sample

preservation,

5. Dr. P.R. Bell, Manager of the Lunar Receiving Laboratory,

concerning possible need for the inventory,

6. Dr. Donald Flory, Gas Analysis Laboratory, LRL, to
discuss LM exhaust products, and possible contamination

in the Surveyor 3 crater;

7. Dr., I. Adler of the Theoretical Branch at GSFC, to explore

possible needs of the inorganic chemistry investigators.

Communication was also establashed with the Data and Tracking Group at JPL
to obiain the impact location of Orbiter IV, and with the National Geographic
Society i1n order to determine the accuracy and sources of information used

for placement of the impaci sites of the USSR vehicles on their Moon chart.

The Micromation Co., of Washington, D.C. supplied egtimates of the

cost of wvarwsous methods of copying documents,

‘it
1
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When all of the information wvas at hand, the alternatives were
studied and conclusrons were reached concerning the procedures which
would accomplish the intended goals in the most effective manner. Rec-
ommendations have been developed on the basis of these conclusions which
w1ll enable the cost effective implementataon of the previously selected
inventory approach, mentioned in the Introduction and described in detail

in Exotech's previous reportz.
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ITI., AWALYSIS
A. Current Status of Documentation

Ranger: The current status of the Ranger Project documentation,
the earliest of the programs under study for this report, has been reason-~
ably well defined. All documentation currently existent is stored under
" the cognizance of Mr. Trl Newland, Chref Iabrarian, and his assistant,

Mrs. Vivian Pritchard, of the Jet Propulsien Laboratory. The bulk of the
material is stored at the Federal Records Center, at Shelly Air Force Base.
The documentation is supposed to be reviewed every three years for possible
disposal, but to date this has not been done, and the Exotech investigator
was told that it will be stored indefinitely. Some documentation continues
to turn up in various files in JPL offices and 1s sent to the library when

it 1s found.

Most of the Ranger documentation is on 16 and 35mm film and much
of 1t, especirally the drawings, 15 stored on aperture cards for easy re-
traieval. Good estimates of the amount of documentation invelved in tLhe
Ranger project have been difficuli to obtain, but the best available indica-
trons are that approximately 10,000 documents and drawings are contained

within the files.

Lunar Orbater Boeing Aircraft Co., Seatlle, Washington is con-

tractually obligated to retain Lunar Orbiter spacecraft documentation for

the following time limats: technical data-3 vears, financial data-10 years,

In each case the period begins from the time of the official termination of
the contract. It should be mnoted that parts lists for the Orbiter spacecraft
are contained within 13,000 drawings and i1dentify the applicable ép901f1ca-
tions which are on file at the Department of Defense Information Center,

where they are avarlable to NASA.

Surveyor: The Surveyor spacecraft was fabricated in two configurations.
Surveyors I through IV are designated Group A, Surveyors V through VII are
Group B. There are sufficient differences betveen the two configurations
to warrant this division, which results in an increase 1n the amount of docu-
mentaticn required to completely describe the spacecraft. The documentation
system used by the contractor, Hughes Aircraft Company, permits reproduction

of both sets of data,



The documents pertaining to the Surveyor vehicles are currently
held by the Hughes Aircraft Co., El Segundo, Calaifornia in the form of
films, aperture cards, and paper copies. Most of the technical data is
recorded and stored on aperture cards which are of the punched card type
containing a microfilm insert, coded for retrieval with the document
identification such as the drawing number. The coding can be extended at

any time to include such other identaficaticn as is needed,

The Hughes Aircraft Go. estimates that 1t has approximately 3500
aperture cards in 1ts possession relating to the Surveyor project. It 1s
likely that some additional documentation exists that Hughes has not
wcluded, since this i1s a surprisingly low quantity an comparison with the
Boeing Company estimate for the Lunar Orbiters. However, the additional
number of documents 1s not expected to be large and the estimate by Hughes

Company is considered acceptable for the purposes of this study.

Apollo: There are some 600 major contractors and numerous sub-
contractors and suppliers for the Apollo program. They have produced
thougande of drawings and documents, many of which are pertinent to the

1dentification of chemical contaminants placed on the Moon.

Discussions with Mr, Gerald Whaite at the Grumman Aerospace Corp.,
Bethpage, N.Y., revealed that the General Electric Corp. Houston office
1s the operating contractor of the COMAT System for NASA on the Apollo pro-
ject. COMAT is an acronym for "Characteristics of Materials'™, The COMAT
system is a computerized central data bank used in the recording and control
of the use of non-metallic materials in the crew bays of the Apollo space-
craft. It 1s designed for the storage and retrieval of data on the usc,
status and characteristics of non-metallic materials considered for applica-~
tion in the manned spacecraft. The usage data consist of an accounting
of materials in terms of their locations in the spacecraft and quantities
and the functional requirements of their application. The status data con-
sists of evaluation of the material safety and hebitability in its appli-
catron in terms of such parameters as combustion rate, fire point,
odor, and carbon monoxide emission. The characteristics data include se-

lected elements of flammability and outgassing test data.



The documentation used to supplement the COMAT data system 1s
handled by the TRIS system (Test and Reliability Informajagn System)S.
This 1s a specialized document acquisition, storage and retrieval system,
using automatic data processing to provide multiple listings and cost-
wndexing. TRIS acquives, microfilms, stores, retrieves and distributes
documentation required to assist the veliability and guality control groups
1n their evaluation of certain parts, materials, and other hardware con-

sidered for use in the Apoilo Program.

AIMP: Ap examination was made of the status of the documentation
of ATMP D and E at the Goddard Space Flaight Center. Mr. Frank LeDoux,
of the Project Office, estimates that approximately two cubic feet of
paper documentatlion including photographs exists. The documentation con~
tains ligts of materials, test results, and manufacturers specifications
on much of the spacecrafit materials, It is currently maintained in loose

leaf folders and stored in a failing cabinet by Mr. LeDoux at GSFC.

The photographs are a necessary wnput to the inventory since they
‘are keyed to the test programs and the identificatrion of spacecraft parts

would be difficult without them.

According to Mr. LeDoux, identification of materials used in
experiment packages would not present a dafficult problem. This 1s due to
the fact that his records are virtually complete, and he knows the location

of the additional data required.

3Geneza1 Eleetric, TRIS User's Manual, Houston, Texas
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B. Alternative Methods for Prdserving the Documentation

-

At this tame, it is possible to retrieve the bulk of the documenta-
tion relating to the U.S. missions which have impacted or soft landed
spacecraft on the Moon. However, 1t may be seen from Table Z that the
ends of the contractors' retention periods for the technical data are in
the very near future. This imposes a constraint on the time available for
implementation of the documentation collection required for the selected
inventory model.,

The alternatives available to the Planetary Quarantine Office
under the specifications of alternative (d) of the previous Exotech neportq
requiring the preservation of documentation of all lunar contact missions
are in increasang order of complexity:

1. Extend documentation retention agreements with the
contractors pending a later decision

The simplest solution to the problem of preserving the
documentation is to extend the retention agreements until at
least 1975 and postpone a decision on the digposition of the
documentation until then. This will gain time needed to
determine the full extent of the requirements of the in-

vestigators.

The primary advantage of this alternative lies in 1ts
simplicity, and relataively low cost. The disadvantages are
many, including the fact that the documentation i1s not
readily available for examination by persons other than the
contractors. In addltloﬁ: 1t will be widely dispersed
throughout the country, making it extremely daffacult to
gain any meaningful information from the documentation with-
out considerable travel and time investment.

2. Direct contractorg to transfer documentation to a

designated Federal Records Center vhen the retention
time expires

Under this alternative, the Government would require

4Lyle, Loc, Cit.
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CUSTODIAN

oF
PROJECT DOCUMENTATION
Ranger JEL
Surveyor Hughes
Orbiter = Boeing
Apollo GE/Houston
ATHP GSFG

TARLE 2

APPROXIMATE
NUMBER OF
DOCUMENTS

10,000
3,500

13,000

unknown

4,000

CONTRACTCOR RETAINS
DOCUMENTATTON UNTIL

1970 (?)
1973 %%
1977%=
1975

Indefinite
Project continuing

-

al.ut

%% Estimated close of contract

(?) Estimated

*  Analysis not needed-document call outs included
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the contractors to transfer the documentation as a1t exists
to a designated Federal Records Center at the termination
of the retention period. The Planetary Quarantine Office
would be notified of any impending changes in the location

of the record material.

The advantage of this alternative is that it requires
virtually no expenditure of funds. There are no storage
or handling charges, and no transportation charge to WASA
if the U.5. mails are used for shipping. In addition, the
documentation eventually will all be located in a single

storage center.

The main disadvantages are the taime delay involved in
transferring the documentation to the Govermment and in the
variety of forms which must be handled.

3. Copy documentation in any form and send to designated
Federal Records Center

Under this alternative, the contractors would submit
duplicates of the documentation in whatever form i1s con-
venient—to a selected Federal Records Center prior to a

specified date.

The principal advantage gained 1s that the documentation
will be transferred to a single Govermment operated 7 Yity
at an early date, permitting greater accessibility than if

kept only by the contractoxs.

The primary disadvantage of this alternative is that
a variety of documentation forms must be dealt wath. Retrieval
of information from a collection of such diverse inputs would
be difficult and costly.

4., Copy documentation into a suitable form for present and
future use and store in a designated Federal Records Center

The significant gain in this alternative is the uniformity

1n the format of the stored documentation. The use of a



single type of copy will result i1n a time saving 1in
handling the material during any subsequent search and
retrieval over that in the other alternatives. The
preferred format would be one which could be used in an

aperture card at a later date 1f desaired.

This procedure will cost more than the others
1nitially, but may save money in the long run if informa-
tion retrieval requests are expected. It 1s not necessary
to process the data inte a fainal form, only into a form
whaich may later be processed into final retrieval form,
This may be accomplished by converting the documentation
mto microfilm which could be entered into an aperture

card system at a later date,

If the decision 1g made to store all lunar contact
spacecraft documentation, a single Federal Records Center
should be designated as the repository rather than utilizing
the Federal Records Center nearest the present location
of the documentation., If the U.S. Mail 1s used for ship-
ment of the documents, the cost of transportation to NASA
can be neglected. It would therefore be more beneficial
to collect the documentation at a central point. From
the peint of view of convenience, this should be in or
near the Manmed Spacecraft Center, because the Apollo pro-
gram 18 still in progress, and will be for some time, thus
making 1t desirable to examine all the documents at this

single lpcation.

Consideration was given to the feasible methods of

duplicating the documentation., The alternatives are

w

Microfilm,
Microfiche,

Paper copies,
Aperture cards, or

Computer tapes.
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From the point of view of the initial cost, microfilm
and microEfiche ave slightly more expensive than the hard
coples. This i1s borne out by the Boeing Co. quotations
for copying the Lunar Orbiter documents. The cost of
supplying paper copies is approzumately $3600 less than
film copies. However, f£ilm copres are better suited to
automated search and retrieval from the total inventory
coliection of documentation. If the documentation 1s
stored on microfilm at the outset, considerable effort
may be saved later in the event that in-~depth searches

must be made,

Many of the documents now stored are in the form of
aperture cards. Aperture cards, while basically yielding
the same information as the films and hard copies, possess
an advantage over the other forms with the exception of
computer tape, in that they are easily retrieved using
a machine sorter. The prancipal drawback is the fact
that the film size const%alnts require two cards for many

drawings for complete coverage.

Storage of the documentation in the memory bank of a
computer must be consrdered, since techniques exist for
the reproduction of drawings, circuit diagrams and similaxr
representations. The computer has not been considered as
the prime storage and retrieval system for the Ranger, .
Orbiter and Surveyor, because the expense of conversion to
this type of system i1s unwarranted at this time. If it
were planned to convert the documentation of these missions
to a form usable on a computer, considerable time would
have to be devoted to programming and input. This goes
beyond the requirements of the Space Science Board, and
should not be done without certain knowledge that there
w1ll be sufficient demands on the system to justify adda-

tronal expenditures.
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C. Other Alternatives for Documentation Preservation

In the event that the demands from the investigators are sulfficiently
numerous, and require more information than is avarlable under the intended
inventory collection plan, it will become necessary to augment the system
to enable retrieval of more detairled materials information. Therefore
requests were made of the contractoxrs for estimates of the cost of extrac-
ting the materials data and transferring it to NASA in a usable form.

The costs indicated here reflect the fact that the selection would be done
by personnel experienced with the projects, resulting in cost savings

due to time lost by inexperienced personnel in learning about the projects.

The Hughes Aircraft Co. proposed that the following six tasks
would be required to accomplish this selection for Group & and Group B

Surveyoxr spacecraft: .

1. Obtain a list of materials approved for Suxvevor and

identify those containing organic malerzal,

2. Review Indentured Parts and Drawing Lists, for Groups
A and B confagured spacecraft, and identify those

drawings potentially containing organic material.

3, Obtain Duplicate Aperture Cards (DACs) for each
drawing. On the average, two (2) Duplicate Aperture
Cards are required per drawing, since the area

covered by a DAC "frame' 1s limited to 44 inches.

4, Review the DACs for organic material and identify

the type and amount of material involved.

5. Compile a matrix of the amount of organic materzal

by type and subsystem or control item.

6. Conduct a study to determine the amount of organic
materials contained in the rocket engine products of

combustion, which would remain on the lunar surface,.

It is estimated that the above effort would reguire 17 man-months

and $1500.00 zn Other Darect Costs (materials and reproduction)  The
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estimated total fixed price for this job, including general and adminis-

trative expense and profit, 1s $53,300.,

In the case of the Tunar Orbiter Spacecraft, the Boeing Co.
personnel who are intimately familiar with the spacecraft are still

~available and could accomplish the following tasks-

1. Examine all drawings and documentation.

-

2. Determine the composition of the arrborne hardware.

3. Furnish a repori containing the classification of

the organics and their approximate weight.

This effort would require six months of effort at a cost to the
Government of $105,591.

Exotech has been unable to get a firm quote from JPL with respect

to the Ranger documentation costs for similar efforts.

ATMP documentation is to a large extent already broken down in
the manner described and little additional effort is required to maintain

the documentation in this form.

The estimated cost of completing the materials documentation for
the Apollo program, copying it into a suitable format and entering 1t
into the current COMAT/TRIS System 1s $50-100,000 It should be noted that
many thousands of documents exist in the hands of approximately 600 con-
tractors, sub-contractors and other suppliers. The content of these docu-
ments in terms of organic materials i1s unknown at this time, and thas

uncertainty contributes significantly to the cost spread.

D. Dispersicn Modelsg

A survey of analytical methods for evaluating the dispersion of
contaminants from hard impacts and soft landings was conducted during the
period of this effort. This survey was carried out 1n order to determine
the applicability of existing models to the determination of contamination
risk areas, and the requirements for programming the models inte the

Interacitive Computer Information System for Planetary Quarantine for Lunar
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5,6

Programs., Two models™ *>” were found suitable for use in the pre~

dicting cantaminant spread as a result of landings on the Moon's

surface.

1. 8o¢ft Landings

-

-

The model by Aronowitz et al covers the chemical con-
tamination of the lunar surface by LM exhauvst during a soft
landing. The total contaminant distribution is bifurcated
into two phases of contamination a far field distraibution

and a near field distribution.

a., Far Field Distribution

The gas plume issuing from the IM descent rocket
engine nozzle into the vacuum around the moon interacts
with the lunar surface causing contamination of the
surface. The rocket plume has two major flow régimes
Adjacent to the nozzle exit there is a compressible
continuum fluid flow regime, but as the gas continues
to expand out f{rom the nozzle the density decreases,

and a free molecular f£low, far field regime develops.

When the IM vehicle, in its landing trajectory,
is at an appreciable altitude, only the fully develored
far field of the exhaust plume intersects the moon.
This interaction produces the far field contamination
that has been analvzed and determined by assuming free-
molecular point-source flow of the exhaust gas in the

lunar gravitational force field.

Flow Model - The flow model thus consists of a
moving, free molecular-flov point source in the Iunar

gravitational force field. The velocity of the gas

5 Grumman Research Dept. Report RE-242 - Investigation of Lunar Surface
Chemical Contamination by 1M Descent Engine and Associated Equipment
by L. Aronowxrlz et al.,March 1966.

6 Report SC-M-68-532 "“The Chances of Retrieval of Viable Microorganisms
Deposited on the Moon by Unmanned Lunar Probes', by Martin S. Tierney,
Sandia Laboratories, Aug. 1968.
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molecules flowing from the source 1s the wvector
sum of the wvelocity at which the source (IM) uis
moving and the source exhaust velocity. At
ignition of the descent engine the IM velocity
1s approximately half the exhaust velocity and
so must be wncluded in the analysis. The random
thermal velocity 1s considerably smaller. The
molecules follow orbital trajectery f£light paths
that may intersect the spherical Ilunar surface
vhere, as a first approximation, they can be

assumed to be fully adsorbed.

Analvsis for Contaminaition Calculation - The

total far field contamination distribution on the
iunar surface 1y obtained by integrating at each
of a series of fixed lunar points the time history
of contamination £lux for the time period of the
{far field portion of the IM landing trajectory.
The znput data (IM position and velocity and the
point source exhaust velocity and density factor
distribution) are such that the integration must
be done numerically by determining the flux at
discrete times over the powered descent phase of

the IM trajectory.

The principal equation in the flux calculation
1s the standard gravitational-force-field particle-
trajectory equation that defines the fllghg path
of a particle as a comic sectrion. This equation is
most easily solved in a spherical cooxrdinate system
wiath origin at the cenler of the Moon and with polar

axis going through a known poant on the trajectory.

To calculate the total contamination at a Ffixed
poant on the lunar surface, the particle trajectory

equation must be applied repeatedly to the source
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as it moves along the IM trajectory. The move-
ment of the gource means that the local coordinate
system for the particle irajectories rotates rela-
tive to the fixed point. Furthermore, the particle
trajectory equation does not explicitly determine
which particle will land at the fixed point, To
circumvent thesge difficulties, a different, indirect
approach must be taken. Therefore, at a given time
or, equivalent, for a given position of the source,
the velocity that a particle must have at the source
to intersect the fixed point is calculated and thais
velocity uniquely determines the particle flux at

that point.

b. Near Field Distrrbution

The near field distribution 1s concerned with
the study of lunar contamination by the IM rocket
gases when the vehicle 15 close enough to the Moon
such that a region of continuum fluid mechanics
exists from the exhaust nozzle dowm to the lunar
surface. This problem 1s consgidered as the near
freld erosion problem, For purposes of this study,
erosion characteristics will not be considered in
the determination of contamination. However, the
program can be used to calculate the redeposited
particle distribution on the surface and the
associated temperature testing for a suspension
model, A conclusion reached in the near field dis-
tribution research is that particles of 0.1 mm
radius may fall as far as 130 meters f£rom the rocket

nozzle centerline,

¢, Adsorpiion Estimation

Adsorptron of Rocket Exhaust Gas on the Lunar

Surface has been calculated using a solid lunar surface
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model, Adsorption of the IM descent rocket ex-
haust gas on lunar surface material can introduce
significant amounts of contaminants into the
samples of the lunar surface that the Apollo
astronauts will bring back to earth for scientific
analysis. Discussed hersin i1s a model used for
quantitative caleculations of the amount of rocket
gas adsorbed on the lunar surface, and the sub-

sequent desorptzon of these surface contaminants.
AY

The model chosen for the lunar surface 1s a
rough plane, This choice agrees well with the
current knowledge of the lunar surface. The
composition of the lunar surface material, in
thas model, was considered to be mainly metal

silicates.

As the 1M descends toward the touchdown site,
gas molecules from the rocket exhaust will straike
the lunac surface. Whale the IM altitude 1s above
100 or 200 feet, the molecules striking the sur-
face are zn the f{ree molecular flov regime. AL
lower altatudes, the gas contacting the lunar
surface in the vicinity of the IM 138 in the con-
tinuum flow regime. The formulation uses gas-
dynamic equations appropriate to the continuum

regime.

d. Computer Program Usability

The computer programs developed for the con-
tamination distribution sstimates for both Far and
Near field distribution as well as the adsocption
computations are operational on an IBM 7094 dagital
computer. It is reasonable to conclude that these
programs have been wrirtten in FORTRAN, a widely

used scientilic computation language. It is felt



that with some modifications to these programs, con-

versron to the CDC 3100 may be possible,

2. Hard Landines

The Sandia repor%7 describes the dispersonal of contaminants

during hard landings. Two possibilities are modeled.

« Dispersion of lunar soil ejected by a space-

craft making a hard landing on the Moon,

« A range distribution for fragments of a space-

craft making a hard landing on the Moon.

The range distribution model can be used to determine the
probabalaty that beyond a given drstance from ampact pornt no

fragmentation is expected to be found,

The assumptions under which the wpange drstribution pro-

babilities are derived should be noted.

+  Impact of the lunar probe 18 normal to the

Moon's surface.
» Fragments are ejected isolropucally.

+ Angle of ejection of a fragment is independent

of the fragment mass and speed.

The s0il ejection model was not used. Its outputb 1s given
in surface density of crater ejecta per square kilometer rather

than fragmentation distribution.

The interaction aspetts of the Planetary Quarantine Lunax
Programe Information System are not operational, however, the
computational algorithms for the hard impact wmodel are opera-
tional on the CDC 3100 computer. The soft landing model 1e

operational on an IBM 7094 computer.

3. Applicationg of Dispersion Models

Table 3 gives a listing of the latest information avail-
able on landing sites, impact mass, velocity, and date of con-~

tact. The location of Orbirter IV, previously unreported, was

7

Tierney, Loc.Cxt.
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U s
Ranger
Ranger

&
6
Ranger 7
Ranger 8
9

Ranger

Surveyor

Surveyor
Surveyor
Surveyor
Surveyor
Surveyor
Surveyor
Orbater 1
Orbuiter 2
Orbrter 3
Orbiter 4
Orbiter 5

Apollo 10
Apollo 11

Apollo 12
Apolle 13
Apollo 14
Apollo 15
Apollo 16
Apollo 17

N N T & T 5 T

DS

LAT.
13.99%s
9.3°N
10.7°s
2.7195°N

12.9°s8
2.46°9s

440, 4°N

2.99~3,069S

1.45°W

0.46-0,51°N

40.89°8
0.42°N
16.35°N
3.0°N
14.6°N
0+10°
2.79%

0°41"15' N

3%s

6°8
0936'S
22°12'N
41945"s
13945 '

LONG ..
129.4°W
21.4°E
20,7%
24.6195°E
2,49
43,32%

11+, 1%
23,32-23.34%
22.25°E
1.37-1.39%
11.44°W
1.33%
160,71°E
119.1°E
91.7%
264500
83.04°W

23926 'E

23.3°E
17%W
32943'E
29020'E
11030'W
569!

TABLE 3

SPACECRAFT TANDING COORDINATES

AREA NAME/CRATER

IMPAGT MASS /XG

SPEED KM/SEC

Mare Tranquillitatis
Mare Cognitum

Mare Tranquillitatas
Alphongus

Oceanus Procellarum
Flamsteed

Sinus Aestuum
Oceanus Procellazum
Mare Tranquillitatys
Sinus Medixw

Tycho

Sinus Medin

ki3
e
Einstein

Lansberg

D'Alembert Mts.
Schluter

Mare Tranquillitatais
West Crater

Oceanus Procellarum
Fra Mauro
Censor1nu§

Lattrow

Tycho

Marius Hills

331
365
366
367

366
270

292
285
281
282
284
284
387
392
387
392
392

2.669
2.66

2.616
2,651

2.6869
3.96 m/sec

2.38 m/sec(?) crash
Soft Landing
Soft Landing
Soft Landing
Soft Landing
U

2.38

2,38

2.38

2,38

2,38

DATE OF
GONTACT

4/26/62
2/2/64

7/31/64
2/20/65

3/24/65
6/2/66

9/22/66
4/19/67
9/11/67
11/9/67
1/10/68
7/16/67
10/29/66
10/11/67
10/9/67
10/6/67
1/31/68

7/20/69



{conttd)

U.Ss.

Apollo 18
Apollo 19

USSR
Luna 2

Luna 5

Luna 7

Luna 8

Luna 9
Luna 13
Luna 15

=,

1 % Not named
RU Unknown

LAT.

2599 'y
803 '

30,1%%
1.5%

9.8
9.6°N

7.8°N
18.5°N

LONG.

49°30'W
608

0.01°g
25%;

48.8%
61.6%

65°W
62°W
U

SPACECRATT TANDTING COORDINATES

AREA NAME/CRATER IMPACT MASS/XG SPEED KM/SEC

Schroter's Valley

Hyginus

Mare Imbrium/Autolycus 390 2.38

Oceanus Procellarum 1476 2.38

Lansberg

Oceanus Procellarum/Marius 1506 2.38

Oceanusg Procellarum 1552 2.38

Galilew

Oceanus Procellarum 1360 5.5-6.1 m/sec
Oceanus Procellarum 100 Soft Landing
Mare Craisium U 1.3 Km/sec (?)

DATE OF
CONTACT

9/14 /59
5/12/65

10/8/65
12/6/65

2/3/66
12/24/66
7/21/69



supplied by the Data and Tracking Group at JPL, Tauma 15
data are not listed, due to the fact that at the time of
thas report, Exotech has been unable to acquire any in-

formation other than the report made by the Jodrell Bank

Observatory during the Apolle 11 f£laight.

The proposed dispersion models must be combined and
programmed with terminal trajectory information and impact

sites to amswer queries such as these

- What 1s the probability of the presence of a
fragment or fragments of a specified size or

mass at a designated sampling site?

* Which mission(s) would be the principal con-
tributor(s) to contamination in a particular

lunar region?

- At given distances from the mmpacts, vhat

size range of fragments is to be expected?

. What 1s the closest point of approach to a pre-
viously landed spacecraft wheve the probability
of detectable contamination is less than a

selected value?

In order to provide answers to these and similar questions,
both models must be utilized in!such a way as Lo maintain
their separate identity, and allow their outputs to be
supplementary or independent. 1In this manner, the exhaust
components from soft landers and fragments from impacts
can be reported as part of a total contamination pilcture or

as separate constituents.

E. Scope of Materwals Documentation

The analytical efforts of the Lunar Principal Investigators are fre-
quently directed toward the identafication of trace amounts of components.
If the apalysis reveals the presence of a substance such as sulfur or
phosphorus, the investigator will be concerned as to whether 1t 1s of

terrestrial or extraterrestrial origin. The investigator will have an
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interference problem whether the sulfur comes from sodium sulfate or

from a type of rubber that deteriorated on the lunar surface. After pro-
longed periods of time, 1t may be that the two materials are virlually
indistinguishable from each other. It would be helpful to the investigator,
in any case, to have an estimate of the probability that a certain amount

of sulfur can be expected as a contaminant in the area of interest.

From the point of view of the life scientists, in contrast to
that of the analytical chemist, noted above, the source of the contaminant
is important. After some treétments, notably gas chromatography/mass
spectrometry, the origimal composition is destroyed, and the inorganic
1oms are the game, regardless of the source. The phosphorous from a
phospholipid 1s indistinguishable from that from a phosphate, after treal-
ment nitrate nitrogen appears the same as that from an amine, With addi-

tional effort, differences can be identified, but the problem 1s obvious.

The i1nformation available from the anventory would be more com-
prehensive if the scope were broadened to anclude all non-fietallic materials,
especrally those materials which include their composition elements of
brological composition. Thig list should include those alements such as
N, P, 5, Na, K, Mg, Ca, Sr, F, Cl, Br, and I for example and any others
which have been-found necessary for terrestrial 1life and are present in

non-metallic compounds.

F. Future Requirements

The compilation of a lunar inventory of possible surface contaminants
1s predicated upon the fact that future nceds will require information con-—
cerning the identity of these materials. It is obvious that the space-
craft documentation preserved in its present status cannot answer these
projected needs. An assessment of future requirements 15 needed, since
any detailed characterization, indexing or categorization of the documenta-
tion beyond that of identification according to missions 1is unwarranted

(except for Apollo) at this time unless a real demand is expected.

A program should be initiated which will enable the prediction of
these needs and ithereby permit planning to accommodate them. Certain

assumptions have been made in this-study coacerning future needs, although
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the jinformation needed for valid estimates 1s not available at this time.
The;flrst assumption that must be considered is whether or not justifica-
taom exists for expecting that this documentaltzon will be requested.

The rationale for saying that it will be requested is based upop the
expectation that the next generation of analytical instrumentation will
operate at increased sensitivity levels, 1.e., where parts per ballion
sensitivities are nmow commonplace, parts per trillion are likely to be
obtainable in the near future. If this 1s indeed the case, background
levels will have to be examined very carefully, and this may lead to re-

quests for more details on the materials which make up this background,

Along the same line of thought, 2 twenty year period recommended
for retentron of documentation is considered sufficient to cover any

future need for the inventory.

The information requests received during this period wall also
establish whether or not more detailed procedures are needed for a storage

and retrieval system to manage the information contained in the inventory.

G. Maintaining the Inventory

During the study, considerable difficulty was experienced in
attempting to update the landing parameters and location coordinates for
several of the missions. In order to maintain the inventory with the
best available information, such data should be frequently reviewed and
updated, At present, fthey are scattered among the agencies responsible for
the programs, and become less reliable as the groups change. A central
source is needed which can provaide this type of information to interested
personnel. Since much of this effort is directly related to the manned
spacecraft program, MSC, Houston 1s the logical Center to set up and
maintain all data on landing sites, impact characteristics, and other
pertinent information on lunar mission hardware. An effort should continue

to include all available anformation on USSR landers as well.

In describing the potential usefulness of the i1nventory, an incident
of recent occurrence should be noted. No plans have been made to check

the accuracy of the model formulated by Aromowrtz for soft landers either
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by amalyzing specimens taken near the IM on Apollo 11 and 12, or ihose
taken from the crater containing Surveyor 3. A recent publication
describing the IM exhaust products has been publlshed7, and has ap-~
parently enabled one researcher to adentify a fluorescent material as
having originated in the LM exhaust. Constderable benefit would result
from verification of this model ensbling the prediction of uncontaminated

sampling sites, and in the degree of contamination to be expected close
to the IM.

The only discrimination of classes of materials presently
available in the inventory documentation is that of the Apollo program
which separates cut the non-metallic components. This is the only
Limatation applied to the collection of materials information and is
a more realistic dastinction than organic/inorganic. By increasing the
prescribed scope of the inventory documentation to this extent, possibilities
of omission would be decreased considerably at little cost since the
Apollo documentation system ig already observing this divasion. If thas
concept is adopted, the inventory would be capable of providing more com-
+prehensive information than would be possible with an arbatrary elimination

of inorganic materaials,

Additaional useful iunformation which could be entered into the
Planetary Quarantine computed-~baged information system includes the loca-
taons of the various sub-sections within the spacecraft documentation and
general cross-reference index. To 1llustrate* Although the spacecraft
materials information will not be analyzed or categorized, the primary
index tatles as utilized by the various contractors in filing the anforma-
tion could be carried through. Requests for information relating to a
particular subassembly on Ranger VII could also provide file locations on
gimilar subassemblies on Rangers VIII, IX, IV and VI at the same time., I£
information concerning the desired mission i1s incomplete similar data for

an wdentical spacecraft could be indicated.

Apollo Tawmar Module Engine Exhaust Products, B.R. Sumoneit,A.L. Burlingame,
Q.A. Flory and I1I.D. Smith,Science, Vol.,166, No.3906, Nov. 7, 1969
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Iv. RECOMMENDAT IONS

It 1s convemient and useful to present vecommendations separately
for (1) the preservation ofdocuments and, (2) the implementation of a
materials information system. The first category deals largely with
detarled data on ftypes and quantities of materials contained on particular
flight vehicles for which there may or may not be a demand, The second
category represents the general methods for provading to potential users
information on the risk or likelihood of sample contamination and, 1f
appropriate, also on the type, quaniity and source of the contamination.
The documentation category is therefore az subelement of the informataon
system. However, since actiron taken on the preservation of documents -
and more significantly, the lack of such action has an 1rreversible effect
on the future usefulness of an information system, the recommendations

concerning the preservation of documents require early attentiom.

A, Implementation of an Information System

To assure that costs are compataible with known benefits, 1t is

recommended that mwplementaticn of an information system be carried out

in two steps as follows:

1. ZPreparation of Contamination Risk Model for the Moon

Information concerning the likelibhood of sample con-
tamination by materaals of texrrestrial origin (due to prior
lunar flights) should be prepared and made avairlable to
interested personnel within NASA and the scientific com-
munity, This is most readily accomplished either
in tabular form or as a map of pertinent regions of the

Moon containing contamination probability “contours'.

The uwpdating of the system at KSC with all pertinent
lunar mission spacecrafi parameters 15 required. The in-
formation 18 currently not avairlable from a single source,

but must be sought f£rom Lhe various responsible agencies,

The disperszon models of Aronwitz and Tierney should

be programmed into the Planetary Quarantine computer system



in a manner that will provide identification of surface areas
in the vicinity of spacecraft landing sites where contamina-
tion may affect the samples. In order to apply the dispersion
models delineated by Avonowitz and Tierney, and to specify
their effect on the various sampling sites, the best zvail-
able 1nformation on the impact parameters and locations of
the spacecraft must be applied. Thas input to the inventory
should be updated as better ainformation becomes available.

It should be noted that the inclusion of this input to the
information system ig important in order 1o provide estimates
of the distribution of contaminants over the lunar surface,
and to provide an estimate of the probability of a con-
taminated suriace sample being drawn from a particular
region of the Moon. The more precise these inputs are, the
better the estimates will be. TUnlike the materials docu-~
mentation Input vhich treats U.S. spacecraft alone, this
information treats all spacecraft, including those originat-

ing in the USSR.

The most important output from this system, inatially,
18 the delineation of the contamination risk areas. The
intended Apollo landing sites through Apollo 20 have been
tentatively selected. Issuance of the expected contamina-
tion levels (risk areas) in these and adjacent areas would

be valuable aids in planning these missions.

2. Assessment of Future Requirements

With the information nov available, the precise questions
to be expected from investigators of lunar sample materials
cannot be predicted at thas time with sufficient certainty.
Prowisions for gaining additional information on potentral

requirements are therefore necessary.

It is recommended that a questionmnaire be distributed to
recipients of the Lunar Contamination Model. The dquestion-

naire should determine the aim of the research, the general
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techniques and instrumentation to be used, the elements of
interest, the interferences, the expected use of the data
system, particular types of information desired, and other
relevant data, From these questionnaires, estimated usages
can be made, conclusions as to indexing requirements can

be drawn and the type of retrieval system which will be most

useful can be selected,
Preservation of Documents

1. Minimum Requirements

The fundamental consideration with respect to space-
craft materials documentation 1g that disposal or loss of
pertinent records be prevented so long ag a possible need,
exists for such information to support lunar sample inves-
tigations. The mechanism for prescrvation of these docu-
ments exists i1n the retention time requirements imposed
upon the various contractors. This should be supplemented
by a requarement for notafication of the Planetary Quarantine
Office prior to disposal or transfer of the documents from
their present locations. Implementation of a motification
requirement would emnsure against inadvertent loss of the

information.

2. Recommended Storage Procedures

A more direct approach to the sclution of the problem
ig to order tramsferral of the documentation, or suitable ’
copies thereof (see below), to the Federal Records Center
nearest the cognizant agency at the end of the contractually
specified retention time for technical data. The exception
is the Apollo documentation. In this area, the COMAT/TRIS
system should be expanded to contain the additional docu-
mentation required for all nonhabitat areas, e.g., the
descent stage. The documentation need not be completely

detarled with respect to test results of flammability ox

tesls of other Lypes pertiment to the current needs of the
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gsystem, but should contain all nonmetallic organic materials
information pertaining to amounts, classifircations, and
specifications of the material. Incoming documentation
should be separated 1nto two categories: (1) that which con-~
tains no materials information; (2) the remainder. Category
(2) should be indexed with a brief descraptive title and
entered into the system. The responsibility for locating
and transferring the documentation sghould be shared by the
personnel currently managing the system, aided by the

prime contractors, Noxth American Rockwell, Grumman Airrcraft
and the Manned Spacecraft Center. The urgency of this move
cannot be overstressed since construction of the remaining
Apollo spacecraft 1s now virtually complete and personnel
now assigned to these projects are likely to be transferred.
With this action, the location of many documents in the
hands of suppliers will become obscured. The documents
pertaining to the habitability areas of the CM and LM are
necessary, but in themselves not sufficient for the inventory,
because the descent stage of Apollo 10 will impact at a
future date, and the ascent stage from Apollo 12 impacted

on November 20, 1969,

3. Suatable Copy Recommendations

Of the formats described previously, the one that is most
suitable for both present and evisicned future needs is the
aperture card, It 1s readily indexed in any way desired,
lends itself to rapid and selective retrieval, requires
little storage space in relation to the amcunt of informa-
tion it can carry and is durable enough to withstand a great
deal of handling, It 1s therefore recommended that the
aperture card be established as the standard copy for all
information to be copied for transferral, and that this also
be the form that any future indexing or categorization
should follow,
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A requirement should be issued that the documentation
concerning nonmetallic materials, their specifications,
and other pertinent data, but excluding such items as
flammabuility tests, for all future lunar missions be sent
to the COMAT system for inclusion into the inventory.
This will aid in keeping future search costs down. It
1 likely that lattle further documentation can he ex-
pected under the Apollo requirements except for the Lunar
Vehicle, but this will constitute a large amount of
material input that will not have Lo be processed at a
later date. This can alse accommodate the inputs from
the possible lunar orbit shuttle-vehicles for extended

exploration of the surface.

In the event that requests from principal investigators

warrant the additional effort necessary to provide more
specific information concerning the organic materials, it
is recommended that the COMAT/TRIS system format be used

as a nucleus for an active inventory system.
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INTRODUCTION AND SUMMARY

‘Contract NASw-173%4 was initiated 23 April 1968. It specified anal-

ysis and plannung activities to support WASA's Planetary Quarantine (¥Q)

Office 1n four areas, viz.
Review and Interpretation of Planetary
Quarantine Requivements
. Analysis of Maicrobial Survival

. Development and Application of Pertinent .
Analytical Technlques

. Implementation of a Lunar Chemical Con-
tamination Inventory
The results of the work in these areas i1s reported herein Where pre-~
liminary findings have already been presented in interim reports, these
are referenced Copires of these interim documents are appended in those
cases where their content 1s felt necessary to support the material

presented herein.
" A WORK ELEMENTS

A listing follows of the work elements involved in the four Lasks

enumerated above

(1) - Revierr and Interpretation of Planetary Quarantine Requirements

. Pevelopnent of an approach to the justification
of modified PQ requirements

. Review of PQ requivrements for proposed Planetary
Explorer Missions to Mars and Venus.

. Review of Mars Marainer '69 PQ Plan

. Revley'of Viking Project PQ Provisions document.

. Development of plans for the review of Viking

PQ related documents.

(2) Analysis of Microbaial Survival

. Survival curve analysis.

. Study of physical processes in microbial resais-
tance to sterilization.



(3) Development and Analysis of Pertinent Analvtical Techniques

. Apalytical estimation of buried contamination

. Study of microbial release through material
break up and erosion.

(4) Planetary Chemical Contaminabtion

. Planning for the implementation of a Chemical
contamination inventory.

DELIVERED PRODUCTS
Among the products delivered under this contract are

. Exotech Inc., Systems Res. Div.: An Analytical Basis
for Assaying Buried Biological Contamination. Appendix C.
Report no. TRSR-036, Jan. 1969,

. Exotech Inc.,, Systems Res. Div.: Implementation of a
Chemical Contaminant Inventory for Lunar Missions.
Appendix E. Report TRSR 70-07. Dec. 1969.

. Barrett, M. J.- Investigations into a Diffusion Model
of Dry Heat Steralization. Appendix B, Report no, TRSR-041,
Systems Res., Dav., Exotech Inc., May 5, 1969,

. DeGraff, E.. Review of JFL Reporit 605-87, Mariner Mars 1969
PQ Plan. Systems Res, Div., Exotech Inc., Memo., Aug. 21, 1968,

. NASA Headquarters Review of Viking PQ Plans. A Document Pro-
viding Background Information for Reviewers of Viking Plans.

. Space Bioscience Research material dated Nov. 5, 1969 for
Code SB Dccument on Applications. )

. Proposed Planetary Chemical Contamination Requirements statement,
Feb. 1969,

. Guidelineg for Review of JPL~Martain Bicburden Accumulataion Model,
Nov. 13, 1969.

. Exotech Inc., Systems Res. Div ¢ Monthly Tetter Status Reports

ag Required by the Contract.

PRESENTED PAPERS

. "Potential Effects of Recent Findings on Spacecrafi Sterilization
Requirements", presented at the 1llth Plenary Meeting of COSPAR,
Tokyo, Japan, May 14, 1968,

. Report on "Development of Analytical Techniques in Planetary
Quarantine', presented at Semi-Annual Planetary Quarantine
Seminar, Cape Kennedy, June 10, 11, 12, 1968,
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WEffects of Mated D~Values on Terminal Sterilization Cycle',
presented to Subcommitiee 1A of PQAC, University of Minnesota,
July 25 - 26, 1968.

"Stochastic Diffusion Model for Macrobiral Survival in Heat
Sterailization', presented at Semi~Annual Planetary Quarantine
Seminar, Cape Kennedy, February 11 -~ 12, 1969.

"Systems Approach to Compliance with PQ Requirements'!, presented
at Semi-Annual Planetary Quarantine Seminar, Cape Kennédy, ’
February 11 ~ 12, 1969,

"Estimation of the Mean Concentration of Microorganisms Buried
in Spacecraft Materials', presented at Semi-Annual Planetary
Quarantine Seminar, Cape Kennedy, February 11 -~ 12, 1969

"Iradeoff Studies in Heat Sterilization) presented to a committee
of the Space Science Board at Stanford University on April 19, 1969,

"Consequences of Stochastic Diffusion of Moisture in Microbes',
presented at Semi-Annual Planelary Quarantine Seminar, Las Vegas,
September 24 - 25, 1969.

"Applicatrzon of a Systems Model for Spacecraft Sterilrzation",
presented at Semi~Annual Planetary Quarantine Seminar, Las Vegas,
September 24 - 25, 1969, .

OTHER MEETINGS ATTENDED

Additional meetings attended include:

PQAC, NASA/Hdgts., October 1968,

Microbiological Assay Standardization Meeting,
NASA/Hdqts., December 13, 1968,

Planetary Explorer PQ Meeting, NASA/Hdqts ,
January 29, 1969,

Talft Health Center, Cincinnati, Ohio, Apr:l 22, 1969 -
Review of Experimental Data on Microbial Die Off.

-

Lunar Sample Analysis Symposium, 157th National Meeting
American Chemical Society, Minneapolas, Minnesota,
Aprail 13 - 18, 1969.

Viking Planetary Quarantine Review Meeting, Martin Co.,
Denvexr, Colorado, October 22, 1969.
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II. ZRESULTLS

Because extensive material has already been reported an anterim
documents and papers, those results will not be duplicated in this

final report Where previous findings are felt necessary for the

- reader, they are provided in summarized form or appended

The materisal presented herein extends and complements this pre-
vious work. It 1s reported in the sequence of the four tasks enumerated

zn the previous seection.
A, REVIEW AND INTERPRETATION OF PQ REQUIREMENTS

The pre-contract status of planetary quarantine standards, their
formulation and their impact upon spacecraft programs was summarized in
1 .
a paper presented at the llth Plenary Meeting of COSPAR on May 11, 1968,

in Tokyo, Japan,

Although the work summarized at COSPAR was supported under earlier
contracts (NASw-1558 and WASw-1666), a copy of the paper is attached
(Appendix A) because it adds to the prospective of the work reported here-
in. The formulation of planetary quarantine standards was shown tc be a
continuing effort requiring a2 compromise between the assurance of the pre-
vention of planetary contamination and the minimization of the impact of
quarantine requirement on planetary missions. I& was suggested iLhat further
work in several areas could lead o less severe sterilization requirements
for planetary spacecraft than had been considered necessary im the past,

Such areas for further research include tasks undertaken i1n Lhe study reported

herein. Of specific interest i1n this regard are:

. Estimation of buried contamination.
. Analysis of release of buried contamination,
. Microbral resistance to sterilization processes

Work in these areas 1s reported in Tasks B and C.

1Exotech Incerporated, Potential Effects of Recent Findings on Space-
craft Sterilization Requarements, May 1968, also Space Life Sciences 1 (4)
March (1969) 520-530.




The focus of activity in this initial task of contract NASw-1734
was in the application of planetary quarantine requirements. This 1s
typified in the review of PQ constraints conducted in January 1969 for
two proposed Planetary Explorer missions to orbit Venus and Mars. Pro-
babilities of contamination for the two missions were computed based
upon COSPAR constraints and estimates made by NASA's Planetary Program
Office of the total number of different missitons to be conducted within
the guarantine period by all nations. The characteristics of the pro-
posed Planetary Explorer missions were reviewed in the laght of these PQ
requirements. An analysis2 performed by Bird Engineering Research
Associates Inc. of the probability of contamination for the two missions

was reviewed for accuracy and completeness.

Spacecraft project plans and provisions for compliance with PQ
requirements were studied. In particular, the Planetary Quarantine
Plan proposed for Mars Mariner 1969 was assessed.3 The Viking project
PQ Provisions document4 was revieyed for compliance with PQ standaxds.
In addition, plans were developed for the systematic review of further

Viking project PQ related documents including:

. The PQ Plan
. The Microbiological Assay and Meonitoring Flan

. The Sterilization Plan

Methodology for the development and evaluation of feasible alternative

approaches for compliance with PQ constraints was presented in the Semi-Annual

Planetary Quarantine Seminar at Cape Kennedy in February 1969,

2Le.tter report 24 February 1969, Bird Engineering Research Associates Inc.
to GSFC, Code 724 “Preliminary Report on Planetary Explorer Contamination Problem."

3Exotech jetter 21 August 1968, subject. Review of JPL Report 605-87

4Lang1ey Research Center document, "Viking Planetary Quarantine Provisions'",
No. M73-109-0, February 20, 1969.
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B. [|ANALYSIS OF MICROBIAL SURVIVAL

‘Knowledge of the life and death processes of microorganisms 1s
essential to the development of realistic PQ requirements and NASA's
Planetary Quarantine Office has directed several research efforts in
a total program with the objective of expanding this knowledge
Exotech's eiforts in thas program involved a study of microbial resis-
tance to sterilaization. An eaxrlier report5 had suggested the advantages
of log-normal over the simpler logarithmic model to describe the decay
of viable microorganisms when subjected to heat sterilization  Thus
report recommended that further analytical work be complemented by phy-

si1cal modeling and be closely related to measured laboratory parameters.

. The exceptional resistance of microbial spores to sterilization by
heat had long been chserved in laboratory tests The lack of a cohesive
theory to explain this behavior, however, represented a weakmess in the
development of a defensible basis for the formulation of sterilization
requirements. Exotech attempted under this contract to form an empirical
framework from fragmentary theories and hypotheses so as to relate(the

effectiveness of environmental factors on dry heat sterilization as prac-

ticed 1n the NASA planetary quarantine program.

Earlier work reviewed included the "water activity" theory of Murrell

and Scott6 who observed experimentally the existence of an optimum water con-

tent in the spore that maximizes spore resistances to heat destruction,

7
water and heat effect measuremenis by Angelotti , and more recent research

5Schalkowsky & Wiederkehr "Estimation of Microbial Survival in Heat
Sterilization' COSPAR Technique Manual No. &, November 1968.

GW. G. Murrell and W. J. Scoti, "The Heat Resistance of Bacterial Spores

at Various Water Activities"™, J. Gen Microbiol. 43, &411-425 {1966},

7R. Angelotti, "Protective Mechanisms Affecting Dry-Heat Sterilization',

COSPAR Technique Manual Series, Manual No. 4, November 1968.
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of water intake and release by Campbell and coworkcrss. Various
mechanisms have been considered in an effort to explain this often-
observed non~logarithmic heat destruction characteristic of spores in

terms of their water comtent and its changes.

In the model under investaigalion the heat resistance of spores
is attributed to the partial dehydration of some unidentified but
vital protein in the eytoplasm., During sporulation, chemical banding
of water to this protein is inhibited by the chelating agent, calcium -
dipicolinate. This action frees nonessential water molecules, which
can then be squeezed from the cell by the surrounding cortex that
appears to contract as the spore forms. During wet heat sterilization,
water diffuses through the outer layers of the spore and interchanges
with the chelating agent, thus, increasing the susceptability of the
vital protein to denaturation, resulting in nonviable spores. The large
differences between resistances of species may be due to the variable
effic1e£cy of the outer layers in inhibituing water diffusion. The great

~difference in heat resistance of B gubtilis and B. stearothermophilus

in aqueous solutions, which essentially disappears in dry heat sterili-

zation, can be attributed to this diffusion effect

A time dependence of the spore's water activity cam be predicted
on the basas of a diffusion mechanism whereby loosely bound water migrates
from one molecule in the microbe to another, with a mobility determined by
the temperature and the existing gradient, according to well-knovmn physical

laws of diffusion.

A technical report was presented at the February 1969 Sem.-Annual
Plapetary Quarantine Seminar at Cape Kemnedy and early results were sub-
mitted in Exotech report TRSR-041, "Investigations into a Diffusion Model
of Dry Heat Sterilizataion'l, May 1969, attached as Appendix B. Further
results on this effort were reported at the Semi-Annual Planetary Quarantine

Seminar 1n Las Vegas in September 1969. At that time the existence of two

T

3

8
Private communication, J. E Campbell, PHS, Cancinnati, Ohio.
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distinet bonding sites for water in B. subtilis was demonstrated from
datag supplied by Campbell A sample of the evidence presented for this
conclusion is given in Fagure 1, vhich is a vreploi of the experimental
measurements, demonstraling that the rate of water release can be
described by the sum of two exponentials, This suppoxrts the theoretical
framework of the diffusion appwoach, but further work vould be necessary

to wdentify and locate the two sites within the spore.

The implications of thas work to the quarantine program are signi-
ficant, First, it promises an analytical basis for the observed deffi-
ciencies 1in the simple logarithmre description of the microorganism
die-off curve., The existence of a szgnificant "tail off' in this curve
can perhaps be quantitatively defined and predicted, thus, providing a
defensible basis for the design of realistic sterilization cyecles., This
work also suggests the advisabality of momitoring or perhaps controlling
the humidity levels during assembly of spacecraft to modify the contami-
nants present for greatest susceptibility to subsequent sterilization con-
ditions. TPerhaps a low temperature preconditicning cycle during which the
wacer activity is equilabrated al some sensitive value could precede high
temperature sterilization to make 1t more effectave. Finally, water con-
tent of such materials as lucite and epoxy might be controlled during manu-

facture to make their buried contaminants more susceptible to sterilization.
C. DEVELOPMENT AND APPLICATION OF PERTINENT ANALYTICAL TECHNIQUES

The need for improved estimation of the amount of buried contamination
and of its probability of release was indicated in earlier work (see page 2)
as worthy of further study. The difficulties in detecting and enumerating
buried contamination derive from their inaccessibility. To overcome thas,
the contaminated material may be physically shattered or chemically dis-
solved and the resultant released microorganisms then counted. In both cases,
however, there are serious questions of the validity of the yield since die-

off can occur in the release processes,

9Private communication, J. E. Campbell, PHS, Czncinnati, Ohio.
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A statistical assay technique originally suggested by Mr. L, Hall,
NAS% Plapnetary Quaraniine Officer, was further developed by Exotech and
a protocollo proposed for its application (See Appendix C). The statis-
tical assay technique does not require that all microorganisms contained
in the material be recovered but produces an upper bound estimate based
upon assay results of new surface exposed by minoxr f£racturing which in-

troduces minimum lethality.

The procedure requires the controlled fracture of representative
samples of a material vhose buried loading is of interest. Each sample
1e tested for brological contamination on the totality of new surfaces
exposed as a result of the fracturing process The basic datum or ob-
servation consists of the proportion of samples which yield contamination
upon culturing. Conventional statistical techniques, combined with an
analytical expression relating the mean concentration of organisms buried
within the materaal and the observed datum, produce an upper bound esti-
mate for the unknown mean concentration, expressed to any prescribed level
of confidence. In prainciple, the'tonfidence level' of the resulting esti-
mate 1s directly related to the sample size and the amount of surface area
exposed by fracture, as the sample size and exposed area 1ncrease, the

difference between the estimate and the unknown mean load tends to decrease.

The procedure can be very useful in the development of more realistic
spacecraft sterilization specifications where the sterilization cycle is
sensitive to the estimated number of buried contaminants. In particular,
a significant décrease 1in the severaty of the ecycle may be possible if
reallst;c estimates of the buried bioloads can be developed, (These bene-

fits are not restricted to spacecraft applications but could also be

extended into sterilization processes in the food and drug and other spin offl

areas.)

1OExotech Incorporated, TRSR-036, "An Analytical Basis for Assaying
Buried Biological Contamination', January 1969.
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A preliminary analysisll of the probability of microbial release
of éurled contamination considered two release mechapisms, viz., break
up in hard impact and aeolian erosion. Further, it formulated analytic
expressions for the probability of release as a function of pertinent

parameters and identified areas of uncertainty.

Specafically, the fracture ratio, 1.e., the ratio of newly exposed
area to the inrtial volume of matexrial, upon which the non-nominal land-
ing probability of release 1s especially sensitive,was one area of study.
The results of impact tests12 conducted by the Boeing Aircraft Company
were reviewed and a method was devised for accounting for impact die off.

The ratio of the viable spores recovered from the fragmenis to the inmitial

load seeded into the pellet i1s a product of the release depth, the fracture

ratio and the degree of impact die off. Values for release depth can
confidently13 be assigned in the 1 to 3 micron range. Fraciure ralios can
be determined by physical measurement of the recovered fragments. The
accuracy of this measurement varies with the number and size of the frag-

ments and has yet to be quantitatively bounded,.

When values for release depth and fracture ratic are assigned, the
recovered lethalaty ratio is then a direct measurement of the impact die
off. This method of analysis will be applied when additional impact data

becomes available.

11Exotech Incorporated, TRSR 70-03, '"Development and Application of
a System Model for Spacecraft Sterilization', August 1969.

128. J. Fraser, "Survival and Release of Viable Microorganisms After
a Hard Impact", Boeing Company report #D2-114143-1, May 27, 1968

13N. J. Peterson, R. G. Cornell, and J. R. Puleo: '"Release of Micro-
bial Contamination from Fractured Solids!' Paper presented at 1lth Plane-
tary Meeting of COSPAR, Tokyo, Japan, May 1968
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Further study of theoretical fracturing may provide an insight
into fracturing mechanisms. An upper bound to the area exposed dur-
ing impact can be calculated {rom the kineiic energy at impact,
knowing the energy required for a unii area of fracture., The materials
of interest are mostly noncrystalline, buried viable spores are incon-
ceivable in metal structures, Measurements 1in polymeric materials
give 0.5 in.-1b/i1n? (about 10° erg/cm®) for energy per umit area of
fracture.14 This estimate may be useful for preliminary upper-bound
calculations of fracture assocrated with hard zmpact landings. Further

work remains i1n this area,. “

Microbial release due Lo aeolian erosion was also studied and is
reported in Appendix Dls. Although a model has been developed, conclu-
sions as to vhether a release factor significantly less than unity for
Mars can be invoked will require an agreed upon estimate of Martian
meteorology. It is well known that astronomers have interpreted shift-
ing haze that occasionally obscures the planet's features as being due
to large sandstorms. Sand or dust is, of course, a major erosion agent,
and simulations of the erosion effect of postulated sandstorms have been
reportele. Analysis of the photography of the planet's suxface by
Mariner 6 and 7 tends to support the sandstorm hypothesis: the scarcity
of small craiers in the size distribution can be accounted for by an

erosion process.

IQM. I,. Wailljiams, "The Fracture of Viscoelastic Material" an

Fraclure of Solids, D.C. Drucker and J. J. Gilman (ed,), Interscience (1963)

15M. J. Barrett and J. 1. Woodall: The Release of Buried Microbial
Contamination by Aeolian Erosion. Exotech Report No. TRSR 70-14.

166. Dyhouse, "Simulated Martian Sand and Dust Storms and Effects on
Spacecraft Coatings", ASTM/IES/ATIAA Second Space Simulation Conference
(Sept. 1967). Am. Soc Testing Materzals, 1967, Philadelphia, Pennsylvania,
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A second area of uncertainty that deserves investigation is the
posélblllty of spore destruction during the erosion process The da-
mensions of a spore, typically on the order of a micron, are consi-
derably smaller than those of the average sand particle encountered
on Earth. Those dust particles in the micron range are generally more
dominani in the stratosphere, and particle size can be loosely correlated
with altitude since smaller size permits particles to be carried haigher
and farther by the wind. Presumably, the same mechanisms apply on Mars,
and a lander in a Martian dust storm would be pelted by particles con-
siderably larger than a spore. The erosion model to be applied, there-
fore, 1s akin to the use of boulders in chipping away seeds. One sus-

pects a signaficant amount of lethality in this process.

Further study should concentrate on areas most conducive to per-
mitting the unit value of probability of release to be reduced thereby
alleviating sterilization cycle reguirements. Analysis should be con-
ducted to rdentrfy the areas of uncertainty where additional knovledge
will produce the maximum benefit. Each factor should then be reviewed
to permit selection of those most achievable within time and resource
constraints. Lffort should be expended only so long as a payofl in

terms of further relaxation of the probability of release will result.

C. CHEMICAL CONTAMINATION

A common prerequisite for space exploration is the absence of con-
tamination by terrestrial material in the area being explored. 1In the
search for biological life, this concern has led to the establishment of
rigorous planetary quarantine standards. The danger, however, exlsts in
all science fields where experiment objectives can be compromised by the

undesired introduction of unknown quantities of "foreign' matter.

In previous workl7, Exotech studied the problems of unintentronal

contamination of lunar samples to be returned to Earth for analysis.

17Exotech Incorporated, TRSR 68-029, "Planning Study for an Organic
Constituents Inventory Program', May 1968.
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Adopting a philosophy that absolute purity cannot be guaranteed and that
some contamination will be imntroduced by astronauts, wvehicle ejecta and
the capsule envirvonment, an approach was developed which attempts to

identrfy and quantify the types and levels of expected contamination.

- This 1s achieved by establishing an inventory of organic materials con-

tained in Lunar landing spacecraft as part of an information system
which can identify regions of high contamination risk and the probable

contaminating materials.

The study undertaken in this contract defines the initial step an
the implementation of the above approach. It considers the detailed pro-
cedures and tasks necessary to collect, evaluate, store and digseminate
data vhich will serve anticipated needs of lunar sample investigators,
consistent with the requirement that costs associated with implementation
and operation ol the inventory be compatible with known needs for this
information. The primary tasks pertinent to thuis effort involved
(1) determining the availability of lunar mission vehicle documentation
and the means for collecting it 1n a form suitable for future evaluation,
(2) the collection and utilazation of spacecraft trajectory parameters,
landing sites, and dispersion patterns for crash and soft landings, and
(3) evaluation of the compatibility of required data inputs with an exist-
1ng Planetary Quarantine information system. The final report18 of this

effort 1s appended. .

Should further implementation be warranted, future efforts should
rnclude the followaing-
Retention of documentation identifying types and

quantities of chemical materials in lunar mission
spacecraft landers.

18Exotech Incorporated, TRSR 70~07, "Implementaiion of a Chemical
Contaminant Inventory for Lunar Missions," December 1969
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. Designation of a Federal Records Center to receive
these documents and organization of a suitable filing
system

. Preparation of a contamination risk model of the
lunar surface based on the best available estimates
of spacecraft landing sites and the particle disper-
sion associated with the mass and velocity charac-
teristics of hard and soft landers.

. Disgemination among lunar sample investigators, and
others associated with the planning of Lunar scientw-
fic exploration, of information concerning the docu-
mentation to be kept in storage.

Wath the advent of landing missions to the plapnets of the solar
system, similar attention is warranted to the question of chemrcal con-
tamnation by terrestrial materyal. The study should be extended to
consider the acquisition of documentation and material samples from
planetary flight missions. Information requirements of current and
potential experimenting scientists who will analyze planetary materials
should be collected, Information system designs vhich can serve these

needs for data on material contamination should be formulated.
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ITI. CONCLUSTIONS AND RECOMMENDATIONS

Planetary Quarantine requirements, policies and conmstraints should
be reviewed in the light of past experience and neu knowledge to
insure that maximum possible relaxation of sterilization specifi-

cations ig realized.

The implication on planetary quarantine requirements for approved
flaight projects of recommendations made by the Space Science

Board at its December 11, 1969 meeting should be evaluated.

Flight project quarantine plans should be evaluated for their respon-
siveness to NASA PQ requirements and compatibility with accepted

practices for their implementation.

Past planetary flights should be evaluated to develop realistic
levels for the probability of contamination for future missions.
The probability that microorganisms contained on landing spacecraft
will be released in a viable state on a planetary surface should be
further studied. The effect of fracture upon impact and aeolian

erosion during the period of biological expleration and the survi-
1

vability of microorganisms int the course of the above releage mechanisms

should be considered.

Analytical models should be developed to facilitate the implementation
of planetary quarantine requirements on flight projects through the
utilization of new laboratory data or related technological progress in

the following areas:

(a) Estimation of microbial contamination in spacecraft
environments,

{(b) Dry heat resistance of microorganisms on open sur-
faces, mated surfaces and buried contamination in
spacecraft equipment. Microbial die off in dry heat
sterilization should be further analyzed with empha-
s1s on the rele of moisture content,



(¢c) Thermal dynamics in heat sterilization of space-
craft equipment.

(d) System tradeoff model encompassing all relevant
factors prior to, during, and after the applica~
tion of heat sterilization.

The requirements for a planetary chemical inventory should be
studied. Potential information requirements of scientists who
will perform analyses of planetary materials to be collected
during planetary flight missions should be i1dentified, other
material information systems should be investigated for theix

applyrcabilaty.

A quarantine document system should be designed specifically
oriented to serve the management of planetary quarantine on

flight missions,
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POTENTIAL EFFECTS OF RECENT FINDINGS
ON SPACECRAFT STERILIZATION REQUIREMENTS

S. Schalkowsky™, L.B, Hall) ana R. C. Kine'®

ABSTRACT

An 1mportant task related to the formulation of planetary quarantine
standards 1s the achievement of an acceptable compromise between (1) the
prevention of planeiary coniamination and (2} the impact of guarantine
requirements on the conduct of planetary missions. Such a task 15 a con-
tnuing effort which must take all pertinent new information into account as
1t becomes available, This paper provides an analybcal framework for the
assessment of data which has become available during the past year or which
18 currently being evolved. In parncular, an evaluation 1s made of the prob-
ability of release of viable organisms from the spacecraft as a function of* (1)
impact velocity magnitudes and the probahility of their occurrence, (2) the
degree of equipment fracturing at impact velocities, and (3) the numbex of
viable orgamsms in spacecraft materials. Work being done to quantify each
of three types of contamination, 1, e, that on open surfaces, mated surfaces
and buried conta_mma{:ton, 1s described 1n the contextl of seeking an approach to
spacecraft sterithzation that would be most compatible with the mmplementation
of planetary missions. It 1s concluded that the results of work now in progress
on spacecraft material fracturing, on the estimation of buried contamination
loads and on microbial resistance on mated surfaces may lead to less severe
dry-heat sterihzation of planetary spacecraft than had been considered necessary

m the past.

*Work repoxrted herein Ly Exotech Inc, authors has been supported undexr contract
NASw-1558 with the NASA Office of Planetary Programs and under contract NASw~
1666 with the NASA Office of Biosciences,

(1) National Aeronautics and Space Administration, Washington, D C,
(2) Exotech Incorporated, Washington, D, C



1, INTRCDUCTION

The process of specifying spacecraft stexrihzation requirements encom-
passes numerous {actors, many of wlnch contain considerable uncertainty, A
suilable analytzcal model or structure is necessary 1n order that the various
factors be properly weighed and their relative impaci on requirements assessed.
This paper summarizes the essential aspects of an extended analytical model,
beyond that used 1n the past, o accommodate 1nformation which has been devel-
oped 1n the past year, or which 1s currently being evolved, The various factors
currently receiving detarled attention are discussed 1n this paper and their poten-

tial effects on spacecraft sterilization requirements assessed,

This paper reflects some basic premises currently under consuleration in
the 1mplementation of planetary quarantine constramnts by the Nattonal Aeronautics
and Space Admimstration of the Umted States. In particular, the use of gaseous
treatment {or spores is viewed as an effective decontaminani, but such treatinent
1S not conmdexeé to provide adequaie confidence 11 the destruction of all viable
spores present. Similarly, emphasis 1s placed herein on the evolution of dry heat
stertlization requirements, reflecting an earhier choice of this method over radia-
tion sleritization for spacecraft equipment,

2. MAJOR CONSIDERATIONS IN THE FORMULATION OF
STERILIZATION REQUIREMENTS

The degrece of risk which should be accepted {oxr planetary contamination
has been the subject of discussion m the past. This aspect of the problem 1s
readily summarzed 1n the simple bul adequate relationship, 'COSPAR Info Bull.
(1966) and NASA (1966),'

Pc = N P(N) + N* P(N") (1)

P. 1s the probability that the planet will be contaminated 1n the course of
planetary exploration and a value agreed upon for this parameter is P, =1 x107°

'COSPAR Info, Bull (1966)", h



N and N' are, respectively, (he number of landing and non-landing spacecraft
which are expected to be flown during unmanned planetary exploration and
P(N) and P(N') are the respective probabilities that any given landing or non-
landing flight will cause planetary contamination. Usmg a total numbex of
flights of NiN' = 100 and allowing the contamination probabilities for landing
and non-landing massions 10 be equal, 1t 1s readily found that the constraint
on any one mission reduces to PN)=PN) =1 x 167°, 1, e. the probability
that any one planetary spacecraft will contaminate the planet should be
<1x10°, Intus paper, attention 1s focused on the requirement P(N) for
landing missions since 1t 1s for these spacecraft that stexilization procedures
become necessary. As demonstraied in connection with planetary fly-by
misstons, the constramnt of 1 x 10° can be met for non- landing missions by
taking precaufionary measures 1n mission design withoul having to resort

to spacecrafl stexilization,

One major area of uncertainty 1s the probability P(g) of growth and
spreading on the planet by microbial contamination of texrrestrial origin,
Thus, assuming that a viable terrestrial orgamism has been deposited onto
the planet surface, 1t 1s necessary Lo assign a probability that it wall grow,
spread and bias future biological exploration of the planet, For consistency
with the analytacal model 10 be used herein, it 1s essential to note that this
probability refexrs to a single viable orgamsm released onto the planet sur-
face, the fact that the probability of planetary contamination 1s increased 1f

more than one viable orgamsm are released is accounted for i1n the model,

It can be shown that the ratio P(N)/P(g) ' 1s no greater than
the mean number of viable microorganisms which can be released onto the
planet surface by any one landing spacecraft. This ratio 1s denoted as n(r).
If P(g) = 1072, a value currently considered a conservative assessment of
the growth probability on Maxs, then n(r) = 107, From the point of view
of implementation, n{r) is the controlling planetary quarantine constraint.

(The "mean" number, as used herein {o characterize a microbal count,
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represents the number to be expected, on the average, over repeated trials. For
example, n=1x 1078 unplies that 1f a count was repeated 100 ames, we would,
on the average, expect 1o ind only one orgamsm during one of these counts and

no organisms 1n the other 99 counts )

The major considerations which enler into the evolution of explicit stexrili-
zation requiremenis from the planetary quarantine constraint on n(r) are summa-
rized in Figure 1. Thus, the landing spacecraft is parfaitioned into discrete
sources of contamnatzon, classified in accordance with actual, ‘physmal sub-
assemblies of the spacccraft. The constraint n(r) can therefore be viewed as
being distributed amongst all of these subassemblies and the requirement 1s
that the sum of the n; (r) not exceed the constraint n{r) (The designation ny{x)
relers to the contribution of the ith subassembly. ) :\Wlﬂun each subassembly a
distinction 1s also made between the following three sources of biological con-
tamination (1) contamination located on open surfaces, (2) contamination which
has been occluded between mated surfaces, and, (3) that which is buried inside
spacecraft materials, (In Figure 1 the subscript ; denotes the particulax

5,M,8

source under consideration and the superscripts identrfy the souxce as

being either of the suxface, mated or bumed type. )

The ahove classification of sources emphasizes the fact that any one sub-
assembly in the spa:cecraﬂ can contain, and usually does contaimn, all three types
of contamination sources, The contxribuion of any one of these sources to the
problem can be assessed i terms of the major post-launch and pre-launch
factors shown in Figure 1, The major pre-launch faclors are (1) the pre-siexri-
Iization macrobial load at the various spacecraft locations, categorized into sur-
face, mated, or buried types, and (2) microbial resistance to sterilization for
the three types of contamination, Referring to the major post-launch factors
i Figure 1, all but one of these relate to the probability that viable oxgamisms
present in the spacecrafl at launch will be released upon arrival at the planet.
The first two factors, 1.e. spacecrafl impact velocities a;ld the probabilities
that these 1mpact velocities will occur, are unrelated to the partiioming of the

spacecraft inlo subassemblies or contamination sources, Howevex, the other



Planetary Quaraniine
Constraint for l.anding
Spacecraft

n (r) < P(N)/P(g)

L

Partitzoning of Spacecraii
nto Subassemblies

n{x)= ?i) n; (r)

1

S MB
Majox Post-Launch Tactors - kg

Spacecraft Impact Velocities - v,
Probabilities of lmpact Velocities - P(v, )
Velocity Attenuation of Contamination

Source - jP

Degree of Equipment Fractuiing -
Fiy (Y559 -
Probabilives of Microbial Survival in

Transit - P7y"%(a)

AV4

et L8 2p ey e

Major Pie-Launch Factors

Imtial Microbal Loads - iy %(0)

3, M.B
Miczrolnal Resistance - D7

P

| Partiiomng of Subassemblies wato | !

Contamination Sources by type

Surface (5), Mated (M), and
Buried (B)

--mg>| n (1) =% [nfy (@) kall ;@) +nd, ()] K-

N7

Spectfication of Sterilization Conarols and Procedures

2

spaceciraft design

1 Control of imual load thru decontamiation procedures

2 Contxol of impact velocity distxibution thru mission and

3 Control of fracture resistance thru spacecraft design

4 Specificaizon of teviminal stexalization procedures -

LT . —

Figurc 1 Major Considerations in the Specification of Sterilization Requirements



4
E“LO release factors arve 1numaiely related to thas paruationming, Thus, in ordex
to! evaluate microbial release caused by a crash landing from a particulax
source, it1s necessary to know to what degree the impact velocity 1s attenuated
at this source. Sumilarly, the degree of equupment fracturing must be con-
sidered in lerms of the physical and design characleristics associaled with a
particular contamination source, The last item noted in the post-launch cate-
gory 1s the probability of microbial survival in transit and has to do with the

effects of hard vacuum and ultraviolet radiation during flight to the planet.

The major elements of a sterilization specification are shown in the
last block of Fagure 1. To explicitly define these sterilization controls and
procedures, and {o do 1t 1n a manner which would meet the requisile planetary
quarantne constraint, n(r), without unduly constraimng mission 1mplementa-
ton or unnecessaritly degrading engineermng and scientific mission success
probabilities, it 1s necessary to quantitatively account fox all of the factors

shown 1n Figure 1,

In view of the above, effort is being applhied to gain a betler undexr-
standing of and, wherc possible, to quantify the major factors in the pre-launch
and post-launch categories. In the sections which follow, pertinent aspects of
}hese faclors are discussed as a preliminary step to the consideration of their

potential effects on sterilization requirements,
3. DISCUSSION

In discussing the 1ndividual post and pre-launch factors, it will be rele-
vant to establish the degree to which any one of them is either determinable ox
controllable, ‘The determmnability of a factor depends upon how amenable 1t 18
to measurement and, also, on the degree of confidence which can be placed upon
the values measured or estimated Hbwever, regardless of how well a factor can
be determined, 1t 1s equally important Lo establish the degree to which 1t 18 con-
trollable, for 1t 1s often possible to confine a factor 1o below a value which would

make it a sagnificant mfluence on the sterilization requirements



3.1 Imuial Microbial Load - n3}™® (o)

Progress made 1n assessing and quantfying the mmtial microbial load varies

m accordance with the source category considered Because of the avalability of
suitable experimental techmques, the accumulaton of micxrobial contamination on
open surfaces 1s most readily assessed, Microbial load on mated surfaces 1s, of
course, the vesult of the occlusion of what was at a pxior slage an open surface,
Knowledge of contamination on open surfaces can therefore be transferred, to
some degree, also to mated surfaces. However, a direct measurement of mated
surface contamination 1s not readily made, The measurement of microbial loads
contawned within spacecrafl materials 1s least amenable to effective experimental

procedures and reliable data m this category are therefore not available,

Depending upon the size of the spacecrafl and controls used 1 assembly
and manufacturing, 1t 1s estimated that the microbial load on open surfaces would
be 1n a range between 10* and 107. A proportionate range could be applied to
mated surfaces, Any estamate of the buried contamination Wc;uld al thus tame be
largely speculative. However, a reasonable upper bound can be established in
terms of microbial concentration per unit volume of material, depending upon
the contamination present during manufacturing and heating or other stermlizing
factors, which might be natural aspects of the manufacturing or quality assux-

ance processes, -

A recent development which may enhance the estimation of buzried con-
tamination 1s asscciated with the experimental work by 'Peterson et al, (1968)'".
This work was oriented towards the assessment of microbial release, or
exposure, from fractured material, but it now appears feasible 10 reverse the
statistical procedures used and, by fracturing sample spacecraft materals and
measuring growth on these fractured surfaces, to obtain an esttmate of the con-

centration of viable contamination in the materials,

The mmitial load can be controlled or Iimited during final spacecraft
assembly and to a lesser degree during subassembly. Control gerives primazily
from the use of clean-rooms and/or decontamination procedures, - During compo-

nent manufacture, however, humiting of the contamination load 1s not 1oo practical.
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3.2 WNhacrobial Resistance - DO

The resistance of microorgamsms Lo dry heat sterilization has been found
to vary considerably depending upon whether the orgamisms are contained within
materials, between mated surfaces ox on open surfaces., In terms of the loga-
rithmic reduction time, 1, e, the D-value, or the tume required to reduce the
population by one decade, the resistance on open surfaces is about 0. 3 hours
whereas spores in spacecrait materials have shown resistance as high as 5hours.
On mated surfaces, microbial resistance ranges between 0, 3 and about 4, 4 hours,
depending upon conditions of moisture-vapor transfer al the matled surface and the

relative humidity prior to and during sterilization,

It has been well established 1n the past few years thal moisture plays a
dominant role in determining the resistance of microorgamsms to heat sterilization,
(Pflug, 1967 and Angelott:, 1967), Further attention is currently being given to under-
standing the role ofmoisture 1n a way which will permiimore effective control over
slerilization procedures. This 1sparticularly relevant for mated suyfa.ces, as it
would be highly desirable 10 be able to characterize tlus type of microbial resis-
tance towaxds the lower range of the D-values given above and thereby make

them neaxrly equivalent to open suxfaces,

3.3 Spacecraft Impact Velocities - vy,

The velocity of the spacecraft upon arrival on the planet 1s critical to the
consideration of microbial release from the spacecraft, Under nominal soft
landing conditions, there can be microbial release from external surfaces but
not from internal surfaces or from the 1nside of spacecraft materials. In
general, 1t can be assumed that so long as spacecraft landing 1s at nominal soft-
landing velocities, spacecraft equipment will have been designed to operate at

these velocities without breakup,

Simce hard impaci velocities are crifical to the estimation of release
probabilities, it 1s nol adequate to evaluaie them 1n general terms, Specifically,

1t 18 necessary to eslablish the explicit events for a given planetary mission
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which would lead io non-nominal landing condittons and to assess the 1mpact
velocifies, vy, assoclated with these events, As mission design progresses,

the quantification of these velocities becomes a feasible task

3. 4 Probabilitzes of Impact Velocities - P (vy)

The explicit events which lead to impact velocities are related to
failure modes of particular spacecraft equipments, e.g. deviations from
planned midcourse maneuvers, failures in deorbit equpment, or failures in
landing deceleration equipiment such as parachutes. The probability that a
particular rmpact velocity will occur 1s therefore infimately related 1o the
engineering reliability of spacecrafl equipment and mission design  The
probabihties of various 1mpact velocities will thus be constrained for engi-
neering reasons and the possibility of closer control for quarantine purposes
1s available, at least in principle,

3.5 Attenuation of Spacecraft Velocities - yiy

As noted m Figure 1, the various release factors must be viewad in the
context of discrete spacecraft subassemblies and particular sources of con-
tamination within these subassemblies. Il 1s therefore necessary to ascertain
what additional effect may resulf from the attenuation of spacecrait 1mpact
velocity at the source under consideration, In some instances, such as external
structural pieces, this may not be too sigmficant a consideration. However,
some very fragile subassemblies within a functional element of the spacecraft
may have significant velocity attenuation by virtue of the physical path between
this element and the point of spacecraft impact, Although a detailed quantifica-
tion of velocity attenuation factors may be difficult, 1t may be possible {o esti-
mate them using well developed theory and empirical knowledge on the shock
resistance of structural elements 1n various configurations, The controllability
of this factor can be sirmlarly characterized, 1. e. 1o the extent that lechmques
are known which will increase impact resistance, they can be utilized 1n space-

craft design in appropriate circumstances.



3.6 Equpment Fracturing - fiy (vy- i 3)

In the case of mated and open surfaces, it 1s assumed that when a critical
velocity 1s reached, contamination from these sources is released, However, in
the case of buried contamination il 1s necessary to idenlify an additional event
before actuzl release from the inside of materials can occur Specifically, fox
any assumed 1mpact velocity, it is necessary to establish the degree to which the
material will break up. This parameter is identified herein as the fracture ratio, f,
and is given by the ratio of area exposed in the course of 1mpact to the original
volume of material under consideration. To complete the characterization of
microbial release from materials, 1t 18 also necessary to consider a parameter
noted herein by 'Peterson et al, (196§ as the exposure depth coefficient, %, This coef-
ficient can, for the present purposes, be viewed as the depth at the exposed sux-
face to which a microorgamsm 1s considered physically free from the material

and, therefore, released onto the planet surface,

Peterson et al (1968) has established experimentally the value of A to be
about 3 microns, In these experiments, the value of A represents, to some
degree, the amount of penetration of the nutrient medium 1nto the exposed sur-
face., For the present purpose of considering physical release at impact, it
appears reasonable to assume that the value of A 1s of the order of the size of
the microoxgamsm, "i. e, about 1p. Considexring the uncertainty in other param-
eters, itis of litile consequence at present whether A 1stakentobe 1 ox 3

microns.

Efforts are currently in progress to quantify fracturc ratios for typical
spacecrait materials, based on information 1n other areas where experimenta-
tion has been carried out, It 1s also possible to establish upper bounds on the
value of the fracture ratio by assuming 2all of the energy at 1mpact to go mto

producing fractured areas,*

* Contributions by Dr, William C. Cooley of Exotech Incorporated on obtaimng
upper bounds of f are gratefully acknowledged. -



In general, the fracture ratio, f, would be proportional to the square of the

impact velocity 7To obtain some feel for the magmitudes of f, consider a solid cube
i

of material about 1ft. on each side, “~This volume of material would fracture into
about 260, 000 preces when the fracture ratio 1s about 1, 200 1 /m. A fracture
ratio on the order of 10° 1mplies pulverization of the material to micron size and

represents a release probability of unity.

3.7 Prohability of Microbial Survival in Transii - P?’?’B(a)

‘The effects of ultraviolel radiation on microorganisms located on the exte-
riors of the spacecraft, and the cffects of hard vacuum on other microbial con-
tamination, have been considered in the pasti as possible causes of microbial
destruction in transit, The effectiveness of ultraviolet radiation 1s limited by
uncertainties on microbial exposure to tus radiation, As regards the destruc-
five e.f_'fects of vacuum 1n interplanetary space, some i1mtial die-off has been
obserlved in laboratory experimentation bul the long-ierm effects have not been

subsiantiated (o make this a major destructive factor, (Stern, 1968)
4, ANALYTICAL MODEL

Equation 2 below provides a basic framework for assessing the effect of
the various factors discussed above on the development of spacecraflt steriliza-

fon requirernents,
PMN)/P(g)zn(x)=

= ZZ [nﬁ'i (o)'PS(s)-kis-I-nTJ(o)-P”(S)'k?,j"l'ﬂau(o)PB(S)'kBiJ] 2
1

J

The double summation 1 equation 2 reflects the need to partition the
requirement, n (r), into the various spacecraft subassemblies and to consider
within any one subassembly the different contamination sources., ‘The parameter

k summarizes all of the post-lamuch factors which influence the steralization
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requrement To permit a reasonably simple presentation, this parameter 18
formulated below undexr the sumplifying assumption that the spacecraft will
either land at the desired velocity, 1, e. a soft landing, or else there will be

a single 1mpact velocity denoled by vy,

( 1, for exteroxr suxfaces
Ky =B;(a) Py (@) PPy (1) =< P(w), {for interior suifaces (3)
A Vi 2 V3 /ey
k' 0, otherwise

ﬂ " i n P(w), thv‘i’.i / Y:q.i
kiy="Py (2) PFiy (x) Py (1‘)="\ (4)

0, otherwise

r'
Af; 5 vy 'YiBJ) P(vy ), if vy 2

B B
v
&, =Pi;@ - Py (1) P, (r)=.j 13/ 1y o

0, otherwise

where A = 10°m for fy; 1numtisof :/M,

5M, B
The velocities, viy ., above represent critical velocitzies at which the contamination

contained at indivadual sources will be released onto the planet surface. It 1s 1o be
noted that release from surfaces and mated surfaces 1s iaken to occur only if the

spacecraft impact velocity exceeds this critical velocity, as modified by the attenu-

ation factor for the source considered.
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The parametexr pHHe (s) 1n equation 2 denotes the probability that any one
mléiroorgamsm will survive sterilization of a specified duration. In the case of

1M, B

heat sterihization, P (s) could be represented by the corresponding D values,

ViZ,

5,115 B
P8 (5) = 107D

(6)
The D>, above, are the microbial resistances at a constant sterilization temper-
ature and t is therefore the time required to maintain this temperature i order to
aclneve a desired value of P(s). Inpractice, suilable allowances are made foxr time
at transient lemperatures in a sterihzing range, For present purposes, t canbe

viewed as representing the {erminal sterilization requirement,

The above model, and extensions thereof which allow for a wiuder spectrum of
unpact velocities, 15 appropriate for operational use 1n developing specific sterili-
zation procedures and confrols, The subject matier of this paper 1s, however, more

readily treated in texrms of the simplified version defined below.
5. POTENTIAL EFFECTS OF RECENT FINDINGS

A conservative approach {o the implementatnion of the constraini n (r) would
result 1f the spacecraft impact velocity, Wy, 1s taken to be larger than the smallest
critical velocity, vs{'g’ 8 , at the imdwvaidual contamination sources, It will also be
assumed that microbial destruction 1n traunsit will be effectave only for external sur-
faces, It will therefore be convenient to segregate open suxiaces into exlernal ones,
denoted by the supexscripl S *  and internal surfaces, denoted by 5. This yields
the following expressions for n(r) m terms of total mitial contamination on open
and mated suriaces and the various factors previously defined

» . 5
n@)s (o). P () 10YP &

S _ 1 _ B
+ 2w 1 () 10772 a0 10772 e n 16D Vil o) Flne v | )
13
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It 1s evadent firom equation 7 that the terms for each source category, 1. e.
foriopen surfaces, mated surfaces, and buried contaminaiion, musi sepaxately be
less than the quarantine constraint, n (r). Furthermore, that term in equation 7
whach is largest will necessarily dominate the specification of the sterilization
ttme L. The principal questions, therefore, relate to which of these source
categories represents the dominant term and whethex the dominant term yields
the smallest terminal sterilization fime. A coroliory question is whether a pre-
ferred term could be made dominant. Figure 1 indicales a number of controls
which might be made a paxl of the specification of sterilization procedures for
the above purpose, For example, design constraints may be 1mposed on. space-
craft impact velocities and/or the probabihties of their occuxrence. Similarly,
some latitude may be available 1n altering critical velocities of components
which may contamn large conlamination loads, or to improve the velocity attenua-
flon at these sources through appropriate design procedures, Ancther control is
that of minimnzing the contamination load through the use of clean-rooms and
related procedures. Some, or all, of these, may be useful, However, to justify
their use, 1t must be ascertained that they are contributing to the reduction of

a dominant term in equation 7,

Until recently, a consexrvative estimate was made of the probability of
release of buried contamination. In {exrms of the parameters defined herein, a
probability of release of unity 1s equivalent to a fracture rafio of about 10%,
which mmplies pulverization of the entixre spacecraft, This 1s clearly nota
reasonable estimate of conditions which are likely to occur. Although work on
fracture ratios of typical spacecraft materials 1s still in progress, il 1s evident
that the fracture ratio will be sigmficantly lower than that 1mphedin earlher
estimates In any evenl, the probability of release must be less than umty by
virtue of the fact that the probability of non-nominal landing velocities 1s less

than umty.

Earlier conservative estimates of microbial release of buried contami-
nation, combined with the known higher resistance of such conlamination to heat

sterilization, have made buried contamination the dominant term and, necessarily,
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led to a relatively stringent terminal sterilization requirement Referying to the
terms 1n the parenthesis of equation 7, it 1s Iikely thal work now in progress will
show the product A 2 X 1131 5 (o) Flvm - YBH) to be smaller than o' (o), Tas
would 1mply a shift t:)WJaIdS mated contamination as a basis for defimng steriliza-
tion requirements, However, to benefit from such a shift 1 any significant way,
D" would have to be significantly smaller than D°. For, as noted earlier,
current work sets the value of D' between 0, 3 and 4. 4 hours and the upper

value 15 very close to microbial resistance for buried contamination, upon which
requiremenis have been based 1o date. There 1s thus a need to gawn a better
understanding of both the effects of equlibrium humidity and pressure at the
mated surfaces during assembly and sterilization. This may then produce a
value of D" closer to 0.3 hours, and lessen the ultimate sierilization require-

ments,

It is also evident from equation 7 that even very low fracture ratios and
low microbial load for buried contamination could not move sterilization pro-
cedures to the point where only gaseous ox othex non-thermal (or radiation)
treatment could be used. To permit consideration of the latter approaches, a
sigmficant change would have to occur in the value of n (x), 1. e, either in P(N)
or P(g). For unless the value of n{r)1s on the order of unity, or larger, each
of the terms on the right side of equation 7 must be significantly less than unity,
This implies sterihizing methods which can be relied upon to destroy all spores

present with a high degree of confidence,
6. SUMMARY AND CONCLUSIONS

Work currenily m progress 1s focused on the following areas (1) the degree
of spacecraft equipment fracturing at spacecraft impact velocities, both m mate-
rials and ai equipment 1nterfaces, so as to obtain more realistic estumates of
probabilities of microbial release; (2) microbial resistance to heal steriliza-

fion at mated surfaces and the physical conditions which will detexrmine 1ts magni-

tude, and, (3) estimaftion of microbial contaminafron buried 1 spacecraft materal.
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The above work, combined with suitable controls over mission and space-
craft design procedures, may lead to less stringent terminal heat sterihzation
requirements than had been considered necessary in the past., A determination
of the specific values 1o be specified for terminal heat sterilization must, how-
ever, await the more detailed quantification of the various pavameters discussed
herein, 1t will at all fumes depend upon the values selected for the quarantine
goal, namely, the probability assigned to the 715k of any one landing mission
contamninating the planet, and the probability esttmated for any one viable

terrestrial microorganism spreading and growing on the planet surface.
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ABSTRACT

The analytical model described in this study formalizes the hypothesis

that dry heal inactivation of microorganisms is closely related to the

water content of the spore and 1ts micro-enviromment. Experimental

data are examined relative to this model and i1t appears io be valid.

This model is aimed at overcoming the well known deficiencies of the
logarithm model,



INTRODUCEION

Several recent investigations have related envirommental con-
ditions other than temperature to microbial spore survival under heat
sterilization., Murrell and Scott, Angelotti, and Reid have shovn strong
dependency of dry hcat death rates on ambient relative humidity and on

" water conLent of the spore”. Hunnell and Ordall have found that heat causes
spores {o exude calcium and dipicolinic acid (DPA) prior to death, while
Alderton, Thompson, and Snell show that spores in aqueous suspension have

improved heat resistance when calcium ions are present.

In addition to these corxelations with environmental conditions
during slerilization, spore survival shows correlations with envirommental
conditions that prevailed when the spore formed, Vinter shows heat re-
sistance is affected by calcium and cystine availability during sporulation;
Murrell and Warth show correlations of heat resistance with five different

substances found in the spore.

These investigations show the iwmportance of environment on heat

-

sterilization characteristics. A simple chemical reaction does not appear
to be the complete mechanism for spore destruction. Rather, a sequence of
‘transport of chemicale, notably water, occurs and wodulates the rate at

which chemical reactions destroy the viability of the spore.

In this report we present a diffusion-denaturation model of
spore heat resistance that attempts to correlate with the water effects
observed, and to provide a basis for determining the efficiency of proposed
dry-heat sterilization plans. Such a model is immediately useful in a dry-
heat sterilization program, and also offers promise of eventual under-

standing of the remarkable resistance of spores to heat.

*References are listed at the end of this report.



DIFFUSION MODEL
|

A model to predict the water content of a spore as a function
of time, temperature and initial water concentration vithin the spore
has been developed. The assumptions made are that heat deactivation in
spores 18 due to protein denaturation and that the rate of this reaction

is controlled by the water content of the spore core.

A spore 13 composed of an outer coat (coxrtex plus spore coats)
and a central coxe (cytoplasm) which is the dormant micro-organism. The
cortex protects the core from physical damage, chemical contamination
and rapid wetting by the environment. The cortex is mailnly composed of
mucopeptide polymers (Warth et al, 1963) with the chains twisted and
coiled or interwoven (Mayall and Robinow 1957). The coat is mainly pro-

tein with a high cystine disulphide bond content:(Vintcr 1961).

The heat resistance of spores Is assumed to rest in the ability
to coqtrol the amount of vwaler intermal to the spore. A contractile cor-
tex system (Lewis, Snell and Burr 1960) would provide a mechanism to de-
hydrate the ¢ytoplasm and maintain it in this state. Chemical variation
in the mucopeptide of the cortex and in the amount of Cu 4+ or Ca-DPA
(Young 1959) binding to the mucopeptide vhich may cause the contraction,
could result in differences an the degree of contraction and therefore in
the final vater content of the spore, resulting in marked differcnce in

heat resistance,

In the development of this diffusion model we have assumed a -
simplified spore structure composed of an outer coat of negligible thick-

ness at a radius surrounding a spherical, homogeneous one,

Waler transport thru the spore can be described by the well known
diffusion equation

bVvEC = -g% (1)

. . 3 .
where C is the concentration of water/em”, as a function of position and

time, D is a diffusion coefficient depending on the medium.
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For a simple example, assume the initial water content in a

spherical spore is distributed radially according to

r{(r) =% E‘,ln% - %sin 21.:)1:] !

(2}
shere C(x) is the water concentration at a distance r from the center of
the spore, and b is the radius of the spore (see Fig 1). This expression,
as seen in Figure 2, corrvesponds to a distribution ihat 1s peaked in the
cuter portion of the spore, and can be considered as approximating the
case vhere a gpore containg more water than an optimum amount, This ex~

cess waler is stored in the cortex,

Applying Lhe diffusion equation to this initial distribution re-
sults in the time variation shown in Figure 3. Water diffuses inward to
the cytoplasm, and the spore gradually loses water to the medium. As a
result, the initially-dry central region reaches a peak concentration of

water that occurs around a iime t given by

2
"TDbﬁ t =1,5 &)

where D is the diffusion coefficient of the system. This simple model

assumes D to be independent of position. As a result, it approximates the
situation when the spore 1s buried in an appropriate medium, since normally
one would expect the diffusion coefficient of water outside a spore to dif-

fer from D inside the spore.

Data have been reported by Angelotti (1966) for the thermal stexr-
ilization of spores in lucite. These data (Fig 4) indicate the death rate
to be greatest at about 1.5 hours after commencing to heat the spores at
125°C, Using this value for t, in the above equation,, ve arrive at an es-

timate for the diffusion coelficient at 125°¢

D = 1.2.10°° (cn®/sec) (%)

This estimate 1s in reasonable agreement with values for diffusion of protein

molecules in water (Clark, p. 138). Our example requires the opposite water

molecyle diffusion ain protein, vhich has_an unknown diffusion coefficient,
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and further assumes this coefficient does not driffer greatly from water

diffugron in lucite,

One method of evaluating the diffusion coefficient, vhich is
necessary if a diffusion model 1s to be applied to dry sterzlization, is
to look at wet sterilization curves., Such curves are shown in Figure 5
for four temperatures. In wet heat, the spores should absorb water to
some maximum. Then, the denaturation of proteins in the spore, with this
water present, results in a straight logarithmic curve for survivors, as

a function of time of heating.
\.

Such a description fits the curves shown., The knee of each
curve represents the time at which the cytoplasms of the spores are in
equilibrivm with the exiernal water. ¥or a purely expomential buildup of
ﬁater, this occurs aboul when three relazkatiaon times have passed, accord-
ing to diffusion kinetics. The diffusion coefficient calculated by this

method can be fitted to a formula
1

K

H = 60 Keal
m H/RT R = 1.98
D= DOE ,» whexe T = temperature (°K) (5)
D0 = Constant

Results of the calculations are shown in Figure 6, together with the dirfiu-
sion coefficient calculated as Eqn. 5. The two sets of experiments seem
to be in fair agreement, and indicate initial success in applying a diffu-

sion model to the data,
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!
IMPLTCATIONS OF THE MODEL

The correlation of water activaty with spore resistance in-
dicates that the death mechanism is a denaturation of some vital pro-
tein, Much the same correlation has been observed betveen protein de-
naturation and water content. Furthermore, the reaction is generally
of first-order kinetics, resulting in a logarithmic curve such as is

frequently seen for thermal die-off of spore populations,

The vital protein is cleaxly in the cytoplasm, since the
outer portions of the spore, shedded during germination, are not vital.
This outer portion, the cortex, appears to squeeze water from Lhe cyto-
plasm during the formation of the spore, and thereby provides that there
will be a residual concentration that is near the optimum for heat re-

sistance.

Part of the heat resistance of spores has been shown to be
due to calcium dipicolinate, manufactured during the formation of the
spore, and present in the cytoplasm. Ca-DPA 1s a chelating agent. Pre-
sumably, the vital protein has sensitive bonds that are protected by

Ca-DPA and other semsitive bonds protected by water molecules,

Germination of the spore presumably requires that the protein
be rid of these protections. Excess water can remove the Ca-DPA; the
attached vater molecules may separate thermally (heat shock). These
separations, if reversible, would be of little help to germination un-
less the protecting molecules stripped from the protein were to leave
the cytoplasm, This is the argument for diffusion- it allows proteins
to react with enzymes, etc., in the germination process without hin-
drance from the former bond-proiecting agents, At the same time, the

proteins become more sensitive to heat.

Diffusion is the random movement of molecules, It 1s charac~
terrzed by siraight-line paths between molecule interactions, and arbitrary
change of directron after the interaction, The net result of the ran- -
dom motion 15 a movement of molecules from regions of high density to
regions of lov density. Frequently, these interaclions are mere colli-

sions. In such a case, the daffusion constant D 1s proportional to



I
temperature, A less frequent situation 1s vhere the collisions involve

chémical reactions. The molecule moves in a straight line, collides

and "sticks' to a fixed obstacle, is freed by the action of heat, and
moves off in an arbitrary direction. This kind of diffusion, charac-
terized by a diffusion constant as given in Eq. 5, appears to fit the

process of water diffusing through the spore cortex,

The environmental condirtions prevailing during spore forma-
tzon have been shown to affect the subsequent resisiance of the spore to
heat, This, too, is as'the model would imply. There is no known
mechanism by which the spore can control the water concentration in the
cortex and spore coats. As a result, the moisture content of these
regions will vary so that they are in equillbriué vith external con-
ditions. When the spore is heated, the contents of these regions can

diffuse inward and outward to affect the heat semsitivity of the sporxe.

. These two mechanisms - diffusion and chemical reactions of
proteins - appear responsible for the survival probability of spores as

a function of humidity, temperature and time. Much work remains in the

analysis of their quantitative aspects., What are the equilibrium moisture

contents of spores? What is the water distribution inside the spore?
What are the surface transf{er properties? Does the Ca-DPA diffuse, too?
What is the protein denaturation reaction that occurs? How many pro-
tein molecules must denature before the spore becomes nonviable? The
answvers to these questions require further study., Many previous experi-
ments, unfortunately, are of little help since not all the pertinent

variables were measured.
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.RECOMMENDATTONS FOR FUTURE VORK

1. Moisture Content Analysis

1

Measurements of the moisture content of spores are needed,
For ease in comparing results of different environments, only one
species (B. subtilis var. niger 1s the accepted norm) should be used
and standard harvesting, washing, and drying procedures employed. Se-
lection of procedures is a subject for discussion, but standardization
will permit studies of the results to be concentrated on the environ-

mental effects,

The environments to which the spores are equilibrated can
vary in temperature, in humidity, and in length of time of equilibrataion.
Down-side and up-side equilibration need separate studies, in view of
the "hysteresis" effect observed, The rate at vhich spores give off
water during an analysis, together with the cumulative water emission,

should’be measured,

These measurements should be analyzed to see whether they con-
form to the hypotheses discussed in this report, Evaluations of dif-

fusion coefficrents and surface transfer effecis should be possible.

2. Correlation of Moisture and Sterilizability

.~

Dry heat sterilization, with moisture content as a parameter,
has been measured with uncertain results, The understanding gained
from the analysis above should provide benchmarks for fulure measure~
ments of spore sterilization rates, The early work sometimes suffered
from a lack of determination of the pressure'or the relative humidity
during sterilization, The substrate deserves attention- if 1t has
good vater transiecrence properties 1t can affect the experiment signii-

icantly.

With knowledge of moisture transfer properties in the spore,

on its surface, and through the enviromment, it should be possible to



design crucial experiments where the moisture content and temperature
of: the spores are known quantities. The die-off of spores under these

co?ditlons should be measured, Such experiments include-

A

(a) Spores in vacuum. The moisture transfer outside the spores

is a relatively easy calculation.

{(b) Spores in non-permeable materzals (e.g. epoxy). With different
initial moisture contents, spores hould show different die-offs, buk

each experiment should provide nearly logarithmic curves,

(c¢) Spores in air. Moisture transfer is affected by the relative

\
humidity and this can be varied in a sequence of experiments,

(d) spores of different initial A, in air.

B-14
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SECTION 1 - Introduction

SUMMARY AND EVALUATION

This document prescribes and evaluates a procedure for estimating upper
bounds on the mean concentration of wviable organisms buried within
individual spacecraft materirals.”

~ .

Presented herein 1s an analysis of a procedure for assaying biological
contamination buried or embedded in gpacecraft materials. The procedure
requires the controlled fracture ol representative samples of a material
whose buried loading 1s of interest. Each sample 1s tested foxr bio-
logical contamination on the totality of surfaces exposed as a result of
the fracturing process. The basic datum or cbservation consists of the
proportion of samples which yield contamination upon culturing. Conven-
tional statistical techniques, combined with an assumed relation between
the mean concentration of organisms buried within the material and the
cbserved datum, produce an upper bound estimate for the unknown mean con-
centration, eupressed to any prescribed level of confidence. 1In prainciple,
the "conservativeness" of the resulting estimate 1s dirvectly related to
the sample size and the amount of surface area exposed by fracture, as the
sample size and/or exposed area increase(s) the diflference between the
estimate and the unknown mean load tends to decrease.

The procedure, 1f feasible i1in terms of accuracies derived, engineering
practicality and economics, would be very useful in the specification of
realistic spacecraft sterilization requirements. This follows from the
fact thalt sterilization requirements are quite sensitive to the release
of buried contamination., Significant decreases 1in these requirements may
be possible 1f realistic estimates of the buried bio-loads are made avail-
able. Conventional bio-assay techniques are impractical for most applications
to spacecraft materials since they require that the materials be eirther
pulverized or dissolved. The procedure discussed herein requires neither
of these actions and, morecver, requires no direct counting of viable
organisms.

There are potential shortcomings in the proposed procedure. In particular,
there may be practical engineering difficulties or cost considerations
whiteh limit the application of the techmique. Moreover, the accuracties
resulting from izts application could turn out to be less than desired. ¥or
these reasons, 1t i1s imporiant that tests and further analyses be conducted
to resolve these questions before steps are taken to operationally imple-
ment the procedure.

*The concept underlying the procedure discussed herein was originally
suggested by L., Hall, Office of Biosciences, National Aeronautics and Space
Administration.



:
SECTICON 2 - Rackground

SENSI?IVITY OF MISSION REQUIREMENTS TO THE RELEASE OF BURIED
CONTAMINATTION

Sterilization requirements for individual lander missions are quite sensi-
tive to the release characteristics of buried contamination. Effective
techniques for assaying buried contamination could lead to substantial
decreases in these requirements,

Recent analyses indicate that spacecraft sterilization requirements for
planetary lander missions are quite sensitive to the release characteristics
of contamination buried (embedded) vathin spacecraft materials.l In fact,
under the majority of presumably realistic situations studied, the threat
of buried contamination was the controlling factor im the determination

of sterilization requirements. Within the context of the subject analyses,
this result was attributed to the relatively high resistance of buried
contamination to sterilizing temperatures, as compared with resistances of
contamination located on open and between mated surfaces (resistance being
represented by the D-value parameter of the expomential survival curve).

The relatively high resistance of buried contamination presenLly assumed
(viz. Digs®c = 5 hours) was not the only factor contributing to the
dominance of buried contamination in the determination of sterilization
-requiremenis. Twvo other major contribultors were (1) the break-up character-
istics of spacecraft materials containing buried contamination and (2) the
amount of contamination actually buried withan these materials, 1.e. the
threat of buried contamination is directly related to the existing amount

of contamination and i1ts accessibility to a planetary environment upon
impact. The lack of defimitive data relating to these factors presently
necessitates a pesgimistic view of their quantitative effects on steral-
1zation requirvements. Therefore, in exploring alternatives for decreasing
sterilization requirements on individual lander missions, consideration should
be given to justifying less pessimistic representations of the effects of
these factors. This could be accomplished by determining more realistic
estimates of spacecraft break-up characteristics and buried bio-loadings.

The break-up characteristics of spacecraft materials should be and are being
investigated. However, there are inherent difficulties associated with the
quantification of this aspect of the buried biological threat., For example,
there are practical problems associated with measuring the amount of break-
up and relating it to flight path parameters such as impact velocity, In
fact, very little 1s presently known about the fracturing characteristics of
the many varieties of spacecraft materials. 1In many respects, determination
of the amount of buried contamination iz less complicated than the break-up
problem. For example, the magnitude of the buried biro-load has nothing to

.do with the uncertainties of the mission flight path whereas the amount of
spacecraft break-up is intimately related to the mission Fflight path para-
meters, The extensive background material in existence concerning brological
loadings and their measurement, also suggests 1t to be a more fertile area
of investigatiomn. -




SECTION 2 - Background

DRAWBACES OF CONVENTICMAL BIO-ASSAY TECHNWLOUES

Conventional techniques for assaying buried contamination are impractical
for applications to most spacecraft materials since they require that
materials be either pulverized or dissolved.

Standard laboratory procedures for the detection and enumeration of buried
contamination fall into two major categories. One class of procedures
requires that the subject material be broken into very small pieces (zn.e.
pulverized) and that direct counts of the exposed organisms be made. A
second class of procedures requitres that the material under investigation

be dissolved 1n a suitable solvent which is non-toxic to the buried organisms.
This second procedure also involves the subsequent counting of exposed
organisms.,

Several drauvbacks are inherent in the application of the above techniques,
especially where spacecraft materials are involved. Basically, there are
serious questions relating to the practicality of pulverizing or dissolving
most spacecraft materials (as opposed to laboratory application of those
techniques which mainly involve materials that can be appropriately pulverized
or dissolved). In the particular case of pulverization techniques, the
basic objectave is to reduce the solid to particles of a size which essentially
- releases all organisms that are present without damaging the individual
cells. Significant numbers of organisms usually go undetected since the
chance of xeleasing all of them is very small. In addiiion, zt has been
found that the pulverization process itself damages or "kills" significant
numbers of organisms, thus rendering them undetectable, For the most part,
these two engineering problems prohibit a precige assay, if the pulverization
15 complete enough then it is 1ikely that a significant number of organisms
will be damaged in the process. The analogous problem assocrated with the
use of solvents is that very few types of materials can be dissolved with-
out using combinations of heat, pressure and chemicals which destroy the
buried organisms. Finally, both classes of procedures are appropriate only
when counting high concentrations of contamination. They are ineffective
or, at best, inefficient when applied to the low numbers of organisms
buried within aerogpace hardware, Their reliability for measuring low densi-
ties, (e.g. less than one organism per cubic centimeter) has not been ade-
quately established.

C-3



SECTION 3 - Development of the Bio-Assay Procedure

BASIC CONCEPTS AND ASSUMPTIONS UNDERLYING THE PROPOSED PROGEDURE

The proposed procedure is premised upon a more-or-less uniform distribution
of buried contamination and the release of the biological contents of a
subvolume of material exposed through fracturing.

Suppose a gaven volume of homogeneous spacecraft materzal which containg
buried contamination is fractured into several distinct pieces. It 1s reason-
able to assume that the fracturing process effectively exposes the bio-~
logical contents of a subvolume, Vo, ¢f the interior of the material. Anal-
¥318 of recent fracturing experiments 1) indicates that Expression (1) on
the facing page is an acceptable representation of the exposed subvolume.

In this expression A, denotes the surface area newly exposed as a result

of fracturing and A denotes an effective depth of penetration, z.e., the
depth beneath the exposed surface to which previously buried contamination
1s released. For convenience, A is designated the "exposure depth co-
efficient'". This concept of a subvolume exposed by fracturing was applied
to the data obtained from the previously mentioned experiments. Estimates
of A evolved which ranged between one (1) and three (3) microns. Thas
range has intiurtive appeal in that 1t encompasses the mean diameter of
microbial spores.

- It is reasonable to assume that contamination buried within an homogeneous
material is, for the most part, uniformly distributed throughout the in-
terior. Moreover, assuming a standardization or uniformity of parts pro-

duction procedures suggests that the concentration of contamination per
unit volume of materizal i1s randomly distributed about zome fixed walue, C.
These obsexvations, along with recognition of an essentially unending
gsource of contamination in production enviromments suggest the TPoisson
distribution as an appropriate formulation for describing the dispersion
of buried contamination within homogeneous solid materials. This being
the case, the probability that exactly K organisms are contained within
the exposed subvolume V_ 1s given by Expression (2). In this expression
N, denotes the number of organisms exposed through the fracturing process.
The preceding twvo assumptions on the effective subvolume of material ex-
posed by fracturing and the uniform dispersion of biological contamination
within the selected materaals constitute the basis for the analytical bio-
assay procedure presented and applied in the remainder of this report.



Effective Subvolume of Material Exposed Through Fracturing

v, = A Ae (1)
A - Exposure depth coefficient
A -~ Exposed surface area

e

Probability that Exactly K Organisms are Exposed Through Fracturing

0 (kA C) .- MAC
(2)

r—H
‘W—

C = Mean concentration ol organisms per unit volume of materiail.
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SECTION 3 - Development of the Bio-assay Procedure

{
THE BASIC MATHEMATICAL RELATIONSHIP (MODEL)

The probability that buried contamination will be exposed through fracturing
1s obtained from the assumed Poisson distribution. The resulting repre-
sentation is the basic relatiomship or model underlying the proposed bio-
assay procedure,

The probabilaty that burised contamination will be exposed when a solad
material is fractured can be obtained from the previously developed form of
the Poisson dastribution (Expression (2) ). It coincides with the Pozgson
probability, p, that at least one viable organism is contained in the
effective subvolume of material exposed as a result of the fracturing pro-
cess, The expression for this probability, indacated by Expression (3) on
the facing page, constitutes the basic relationship underlying the proposed
bio-assay procedure. For convenience, it is rewritten in Expression (&)

as a relationship which specifies the mean concentration, €, of organisms
per unit volume of material in terms of the parameters X Ags and p.

In principle, 1f values of X , A;, and p are specified, then the unknown
concentration, C, can be determined on the basis of Ezpression (4). In
practice, none of the above parameters can be determined or controlled
exactly. The exposure depth coefficient, X , can be estimated on the basis
of experimental laboratory data on varied materials. (The previously men-
tioned estimates of X weve determined on the basis of Expression (3),
controlled values of C and A, and experimentally obtained estimates of p.)
Assuming that the area, A, exposed through fracturing can be controlled
sufficiently, estimates of p can be obtained experimentally. These estimates
of p can be converted to upper bound estimates of C to any level of confidence
on the basis of Expression (4) and standard statistical estimaiion techaiques.



Probability that Buried Contaminaktion is Exposed Through Fracturing

P = P{Neil
(3)
=1 - 2{n - o}
e
- 1 e-l AéC

The Mean Concentration of Buried Contamination Per Unit Volume of Material

-0 (L - p)
A A

(4)
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SECTION 3 - Development of the Bio-assay Procedure

STATISTICAL LOAD ESTIMATION PROCESS

An upper bound estimate of the mean bio-load, expressible to any level of
confidence, is determined from Expression (5) and experimentally obtained
estimates of the probabiliiy that buried contamination will be exposed

by fracturing.

Suppose that g samples of a specific spacecraft material are selected at
random (e.g., the samples could be piece parts constructed from a particular
homogeneous material). Further, suppose that each sample 1s f{ractured ex-
posing a predetermined amount of new surface area, the same area being gen-
erated for all samples., Each sample 1s classified as “positive' af and
only 1f biological contamination 18 found on the newly exposed surface area
upon culturing., Assuming all samples are processed according to a fixzed
experimental procedure, the pumber of positives is Binomially distributed
with "success" parameter p, as defined in Expression (3). Hence, the pro-
portion, P, of positives has an average or mean value p and 1s distributed
as specified }n Expression (5) on the facing page. Knowledge of the dis-
tribution of p allows for the determination of arbitrary confidence in-
tervals for the unknown p, expressed in terms of observed values of § .
Appendix A contains a procedure for obtaining confidence intervals for p
_in texrms of ﬁ and the sample size s. TFigures I - B through IV - B of
Appendix B are displays of 50, 80, 90 and 95 percent confidence intervals
for p, respectavely, determined using the procedures outlined in Appendix

o
A. The various curves in each figure correspond to selecled sample sizes.

Since the mean bio-concentration, €, specified in Expression (4) is an in-
creasing function of p, upper confidence limits for p can be transformed,
via this expression into corresponding confidence limits on C. Since this
transformation involves the exposed area as well the sample size, a given
confidence limit on p transforms into a distinct confidence limit on C for
each value of exposed area. Figure V - B through VIII - B of Appendix B
display the resulting upper confidence limits on C, corresponding to selected
values of s, Ae and the observed proportion, P, of positives. It should be
noted that the lower confidence limits on p.are not tranezformed into

limits on C 1n these figures since primary concern here is with upper bound
limits.

Figures V - B through VIII - B of Appendiz B provide the necessary tools for
testing and implementing the proposed analytical bio-assay procedure. The
remainder of this report contains a step-by-step procedure for applying
these figures, an 1llustrative application and a discussion of potential
sources of load estimation error asscciated with the procedure,



o
—
o
il
wis

b ()t

k=0, 1,2, -, s

(3)
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SECTION 4 - Applications of the Bio-assay Procedure

SUMMARY PROCEDURE AND ILLUSTRATION

The preceding development 18 converted to an operational procedure using
Figures V-B thru VIII-B of Append:x B,

~

On the basis of the preceding development, a protocol for establishing upper
bound estimates of the mean biro-load burized within a given spacecraft
material is summarized as follows-

1, Determine an appropriate combination of sample size,
s, and area to be exposed, A, (this decision is
based, for the most part, upon "fracturability" and
cost considerations)

2., 8elect at random a number, s, of samples of the
given spacecralt material.

3. PFracture each sample so as to yield the selected
amount, Ae, of newly exposed area,

4, For each sample, establish whether viable organisms
were exposed upon fracture. Let p denote the
proportion of samples which yield contamination,
i,e. % is the proportion of positive samples.

5. On the basis of 5, A andﬁ and the desired

level of confidence read the corresponding upper

bound estimate of the mean biro-load on the appro-

priate graph from Figures V-B through VIII-B of

Appendix B.
The indicated graphs do not allow for arbitrary selections of the sample
size and exposed area, In the event that curves corresponding to other
values of these parameters are needed, they can be determined from
Expression (4) and Figures I~B through IV~B of Appendix B.

To illustrate the procedure, suppose that 25 samples of a given spacecraft
material are selected and each sample i1s fractured, yielding an exposed

area of 2,5 square inches, Suppose that 15 of these samples display con-
tamination on the newly exposed surfaces. Finally, assume that an upper
bound estimate of the mean bio-concentration 1s desired at the 90% confidence
level. It is determined from Figure VITII-B of Appendix B, z.e. the graph-
ical display corresponding to the 90% confidence level. The appropriate
curve in this figure i1s the one corresponding to the grven samp%e size, i.e.
s=25, The observed proportion of positive samples is given by p = 15/25 = 0.6.
This value 'on the herizontal axis of the figure determines the appropriate
point on the s=25 curve. TUsing the vertical scale corresponding to the



exposed area A = 2.5 inz, an upper bound estimate of the mean bro-
concéntration is seen to be less than 1.04 x 10% viable organisms per
cubic inch with 90% confidence. This concentration, when multzplied
by the total volume of subject material on the spacecraft, produces an
upper bound estimate of the bio-load buried within the given material,
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SECTION 5 ~ A Preliminary Evaluation of the Bio-assay Procedure

SENSFTIVITY OF LOAD ESTIMATES TO THE CONTROL AND MEASUREMENT OF A AND Ae

! .
To a first oxder approximation, percent errors in the measurement of either
A or A induce equivalent percent errors in estumates of the mean con~
centraticn of buried contamination.

Ag indicated in Expression (&), the mean concentration of buried conlamination

1s 1nversely proporitional both to the exposure depth coefficient, A , and
to the exposed area, A . Therefore, to a first order approximation, percent
errors in the meaguremént of either one of these parameters wresult in
rdentrcal percent errors in the mean concentration of buried contamination.
Although this statement cannot be extended beyond certain limits, it does
provide an approximate quantitative measure of the effects of measurement
errors in A and Ae on estimates of the unknown mean concentration, C.

As noted earlier, experimentally determined estimates of A ranged betveen
one and three micromns for a specific material (lucite) and particular
measurement procedures, If the "true" value of A 1lies within this range
for all spacecraft materials then a maximum of 300% error in A 1is possible
(1.e., assuming A equals 3 microns but 1s estimated to be 1 microm).
Assuming that order or magnitude estimates of spacecraft bio~loads are
sufficient for most applications, errors of the above magnitude appear to
be acceptable. In any case, taking A as the lower limit of the xange of
estimates (i.e., 1 micron) provides more concervative upper bound estimates
of C than would any other value selected in the given range, this 15 con-
sistent with sterility assurance, There 1s no question, however, that
estimates of A corresponding to materials other than lucite is desirable,
if not mandatory.

There is a sparsity of both theoretical and empirical data on the control
and measurement of surface areas exposed by fracturing materials of the
types used in spacecraft construction. Moreover, the implications of a
given daistribution of measurement errors in A are, at best, difficult to
derive on a statistical basis owing to the refatively complex relatiomnship
between A , the observed datum, $, and the estimated mean biological
concentration. For these reasons, 1t 1s difficult to speculate on the
errors i1ntroduced into bio-assay estimates as a result of incorrect measure-
ments of exposed areas, The previocusly referenced Pheonix experiments
failed to provide sufficient data for resolving these questions completely,
even as applied to lucite. However, evaluation of the experimental pro-
cedures and the resulting data does suggest that, for this particular
material, the area control and measurement procedures used along with
selecting A equal to one microm 18 adequate {or present purposes. Here
again, extrapolation to other materials may not be valid, hence, additional
data in this regard is warranted.
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SECTIBN 5 - A Preliminary Evaluation of the Bio-Assay Procedure

ADDITIONAL SOURCES OF POTENTIAL ERROR

Potential sources of eryvor related to deficiencies in the sampling and
culturing processes as well as the analytical model 1tself indicate the
need for controlled tests of the bio-assay procedure.

-

The proposed procedure evolved, in part, from the assumption of a Poisson
distribution of viable organisms within the interiors of materials being
assayed. Although this representation has imtuitive appeal for most appli-
cations, a test and validation phase is nevertheless necessary before
implementation is considered.

Estimation errors are likely to occur 1f improper sampling, and/or culturing
procedures are followed, In sampling materzal, care must be taken to insure
that a representative cross-section is selected, 1.e., samples independently
taken {rom distinct batches of the given material. Otherwise, the selected
sample size could be 1msufficient for attaining a desired confidence level.
The culturing procedure i1s intimately comnected with the exposure depth co-
efficient, A , since the depth of penetration is likely to vary with the
nature or type of culture medium, For any given depth of penetration, how-
ever, the culturing process should be capable of detectang all viable
organisms which are exposed,

It s w1mportant to note that the proposed bio-assay procedure, Lf successful,
produces upper bound estimates of the mean concentration taken over the

total population of the sample material under investigation. This is less
than desirable from the standpoint of application to sterizlization require-
ments for individual lander missions, For example, it is possible, though
quite unlikely, that the dispersion of concentration from sample to sample

is very large. If so, an upper bound estimate of the mean concentration to
any level of confidence could have a relatively high probability of being

less than the concentration of a randomly selected sample and spacecraft.
Further testing and analysis are varranted on this basis alone. .
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SECTION 6 -~ Recommendations

THE NEED FOR TESTING AND FURTHER ANALYSIS

Tests and additional analysis of the usefulness, engineering practicality
and economics of the proposed procedure are recommended prior to
implementation.

Application ol the proposed bio-assay progedure to any given spacecraft
material yields an uppexr bound estimate, G, of an unknown mean concentration
of buried organisms within the material. The usefulness of this estimate
depends both upon its accuracy and the amount of information it contains.
Acceptable quantitative measures @f the effects of the previously indicated
error sources on the accuracy of C must be determined. F¥urther, the pro-
cedure must be shown to yvield information which 1s needed and presently
unavailable (e.g., estimates which are consistently greater than already
known upper bounds are of little or mo use). Attainment of these objectives
requires the accomplishment of appropriate tests and analyses. For example,
experimental test applications should be conducted on various classes ol
materials wherein the buried lcadings are controlled (known). 1In addition,
further analytical studies should be pursued vwhich relate to the effects

of (1) errors in the measurement of A and A , (2) the assumption of
uniformly distributed organisms and (g) the errors introduced by virtue

of the fact that estimates relate to the mean concentration rather than

the particular concentration going aloft 1n a spacecraft.

A research area requiring investigation 1s the engineering practicality of
applying the proposed procedure. It must be determined, for example,
whether appropraate control and measurement of the area exposed, A , is
feasible, (The requirements on this accuracy should evolve from the efforts
discussed in the preceding paragraph.) The practicality of appropriately
culturing the exposed surface areas also requires additional study.

Finally, consideration must be given to the economics of the proposed
procedure. TFor the most part, this should be based upon the cost of se-
curing and processing sufficient numbers and varireties of sample spacecraft
materials.
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APPENDIX A ~ Computation of Confidence Intervals for a Binomial "Success"
Probabilaity

Confidence intervals can be established for the "success" parameter of a
Binomial distribution by using an approximating normal distribution,
These intervals can then be transformed into upper and lower bounds upon
the bio-load.

As indicated in the main body of this report, the confidence limits estab-
lished for the mean bio-load are directly related to the confidence intervals
for a Binomially distributed wvariable 6, which represents the observed pro-
portions of times contamination wag detected in the load estimation procedure,
Expression (Al) on the facing page expresses the definition of a confidence
interval. The interpretation of this expression is, for a confidence of 1l-ov ,
the probability that the parameter p is contained within the interval (p., p_)
1s greater than or equal to 1- o. TFor the particular use of a Binomial 18-
tribution, Expression (Al) 1s solved by first considering expressions (A2)
and (A3). 1In these expressions, the parameters p_ and p, take on the largest
possible value such that the given inequalities afe satisfied. This would
then give the (1-&) confidence interval of (p,, p_) on the parameter p. How-
ever, from a computational point of view, Express%on (42) and (A3) are sub-
ject to round-off errors and machine overflow. By using a well-known normal
approximation to the Binomial distribution, we can replace Expressions (A2)
and (A3) with the corresponding expressions resulting from this approximation.
“The approximating normal distribution will have mean p and standard deviation

\/ p (i-p)
A 8

Thus p and B are related as in Expression (A4) on the facing page. This
equation must be solved for p in order to obtain p. and p . It can be shown
that Expression (A5) is the result of solving (A4) to obt#in p in terms of P.
Expression (A4) with the plus sign corresponds to the upper half of an ellipse
which gives the upper confidence limit on p. ILikewise, using this expression
with the negative sign gives the lower half of this ellipse corresponding to
the lower confidence limit on p. A family of these ellipses 1s shown in
Figures (I-B) thru (IV-B) of Appendix B. Since we are interested in upper
bounds on the bio-load, Expression (A6) gives the upper bound on the bio-load
in terms of P,

A
In the load estimation procedure a value for p would be obtained for the

particular sample size used. For this value of ﬁ and for a desired confidence
level, P, would be obtained from Expression (AS).

C(A-1)
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APPENDIX B

Graphical Displays of Confidence Limits
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DESCRIPTION OF THE PROCESS BEING TREATED

The impact of a lander on a planet could have serious conse-
quences 1f one desires not to contaminate the planet. In the light
of this one should examine the implications of fracturing and ex-
posing of surfaces which might "instantaneously" or subsequently
release viable spores. Here ve will consider the relatively slow
process of erosion although the fracture and the ercsion phases are
not necessarily indeperndent. TFor our purposes we will take the
fracture as having eccurred and characterized by a fracture-ratio.
(ref. #2 ) The fracture-ratio is defined as the area exposed
through fracture divided by the volume of the sémple. An expres-
sion for the erosion of spherical shaped particles and an expres-
sion for the probability of release given that a quantity of the
sample erodes in the quarantine period have been derived. Calcu-
lations based on experimental data have been made for the erosion

rate,



THE EROSTON PROCESS

Assume no preferred wind direction and assume the fragments
roll about freely. Then erosionof a fragment by wind-borne agents
1s often radially symmetric. This suggests that we can study the

erosion of a sphere as typical of the erosion process.

Figure 1. The geometry which will be considered here.

The ratio of volume removed to original volume of the fractured pirece is

- Mo (2) @

Il

(case 1) x =R - etq 2.f R 2 etq

or {case 2) x =10 if R < etq

1l

where ¢ = erosion rate (rate of eroding surface) (ref. #2)

tq = time of quarantine,

when R > etq, Equation 1 becomes .%Y. =1 ~ ( 1 - &tq )3 (2)
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#he equation in this form is unmanagable due to the fact that the

R parameter 1s still present. We would like to find R as a function
of a macro-parameter, say the fracture-ratio £ as previously defined
(ref. #2). To do this it 1s necessary to assume some break-up model
(i.e the way R 1s related to the dimensions of the original sample of

material)

Suppose the original sample were a cube of edge length L, and
fractures completely into equal sized particles of which a sphere of

radius R is typical, The number of particles is approximately

i

N= — (3)

.8 2 2
and the fractureraticis f S?. 1 o= N4TR - 6T,

£
Equation (3) simplified gives,

where 5. is the final surface exposed and S:L is the imitial surxface.

o |t
4
wlrh
3
(3]

(&)

ESINE

The erosion rate (e) can be determined from existing data. In

Equation (2) then becomes & _ ; | [l - etq (
7

wlkh

3
experiments by Neirlson and Gilchrist (ref. # ), lucite and aluminum were
eroded by aluminum oxide particles of 210 micron diameter. The results

show that

dm _ g (). 8. A 6
It E (8). @ (6)
where dm . the rate of loss of mass__



E (€) = a proportionality factor depending upon
the angle of attack and the material.
@ = the mass-flux of particles per unit area
striking the surface,
A = the cross-sectional area

The mass eroded from the spheve in TFigure 1. 1us
fm = ANV = d4m (R®-x°) (7
3
where d = density of substance being eroded

Differentiating (7) with respect to time and combining with (6)

gives,

g = == foi TP SEL IR 8

dr 2d

Substituting equation 8 into equation 5 gives,

3

gorfragus()] o
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EFTIMATION OF PARAMETERS

Hertzler at McDommell Aireralt Corporation in simulation of
the Martian atmosphere has arrived at estimates of velocities of

winds on Mars and volume of abrasives carried by the wind (ref. 4)

Average wind veloecity = 220 fps.

Particle concentration = 10 © oz./ft°
Then the mass~fluence per unit area 1s,

$ = 4.68x10° 1b/MP/YR.

rY.
1]
{
= QELCERME, E 8" f‘?i;{ O |&PERMENTAL
o st Q SIPERMEUTAL e o E . CLECpENT
i L VALLIG /-o g N
ey - o
g ) % o s, ° W,
o ' \
10 v

‘E & ! é S, =
3 i o AY q
L ! g . .
% { 9 L

2 5 bV
z F %
g o .4' A Y
¢ | g - ,wO N,
22 I » .
7] e W

e S
° g o ad ° andie EAE
ANGLE. OF ATTAGK SLE OF A

£11850 FT LB F foM, £32570FT LAF /oM, M=115

P35 F1Le oM, £2 8375 FTLS plaM, AL 5C

Figure 2 (after Neilson and Gilchrist) ref. #3

{(a) Eroswon vs. angle of attack {(b) Erosionvs. angle of attach charac-
characteristic for lucite teristic for aluminum eroded
eroded by 2104 aluminum oxide by 210p aluminum particles
particles at 420 fps. at 220 fps.

From figure 2a one may estimate E (@). We will take the maximum

of the curve for lucite for our caleculation. {(1.e. E (§) = E==2.5:§10h3)



Note, however, that the experiment for lucite was conducted for
particles at 420 fps where as we are postulating wind and partyr-

cle velocities averaging 220 fps. A corrected estimate of E is
taken to be

E=2,5%x10"° ( 220 )2 = 6.9x107%
420
For lucite d = L?_&% =2.9%10% 1b/M°
(.305)
oxr the erosion E.¢ 2
rate for lucite 18 ¢ = —é-a'—-- = 5.6 x 10 M/YR. (10)
2

A similar calculation e = 1,910  M/YR.
for aluminum yields
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MODEL OF THE PROBABILITY OF RELEASE

Assume a cube of edge length L impacts and fractures with
fracture-ratio £. Also, assume that AV of the original volume
V 15 eroded away during the period of time tq. If M spores are

distributed randomly in the volume V then

-M N

P(release} & erodes in tq) =1 - e v

(11)

Substituting equation 10 into equation 9 and combining with

equation 11 gives an estimate of the probability of release

P(release| AV erodes 1n tg) = 1 3 L

p (o Lrma(en)] )

(12)
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SENSITIVITY OF P ( re/AV erodes in tq)TO e, £, AND L

We calculated the following two cases.

PARAMETER BEST WORST
10-6ﬂdyear 1O—Bm/year
£ 10%m 7t 10°m ™t
L 1m 1072 m

Graphs Figure 3z and 3b axe the results of the calculatioms.
In both graphs the model indicates virtually no dependence on L,
the size of the sample, and only when all parameters are '"near”
best case does dependence on €, f become important. In other
words, the amount of material eroded from the spacecraft debris,
after a hard impaci, 15 almost independent of its size but does
depend on the fracture ratio f due to impact, and the erosion
rate € of the materials present., A further observation can be

made 1f the quantity

o (54 2) <
“Metq (£ + ) (13)
then Eq. 12 becomes P (re/&V) =1 - ¢ L
furthermore if Metq (£ + -—%) <<1

then expansion of P (re/AV) = Metq (£ +-% )
the expcnential

gives the approx-

imation

(14)
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Note the similarity between Eq. 14 and the model of P(re/VI)

in reference No. 1 1f one makes the following transformations

(©) 6 61°
Ee =T
f—> f
Mo} M
i.e. P(relAV) = M{o} etqg ( f(o) + £) (15)

Figure 4 shows the error involved in using equation 15
instead of equation 12 as a function et g (31-—-% —% Y 1f M 18 on

the order of 1.



Probability of release

0.1

0.01

0.001

Equation 15
(ref. #1)

Equation 12 ‘

10
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Probability of release

Probability of release

0.1

0.01

g.001

¢ 5

3a.

€

f =

L

All "best" case except for variation of one parameter

10
10

10~

e

3b. ALl "worst"

(Same scale as above)

case values except for variation of one parameler,




CONCLUSTON AND RECOMMENDATIONS

Curves 3a and 3b indicates that the dimensioms of the
original sample are not of primary importance in estimating the

P ( release |AV erodes in tq) .

On the basis of this model the erosion rate € and the fracture
ratio (f) show no clear domination one over the other for the range
of parameters considered, There 1s difficulty in estimating both
but there 18 more uncertainty about €. The range chosen for ¢ ig
10" M/yr. to 10" ®M/yr. This involves 4 decades and includes the
totally "worst case" situation in which the eroding agent 1s assumed
to be uninterpreted at a rate of 220 feet per second for 17 years!
The other extreme is the order of magnitude of texrrestrially cobserved
erosion rates. This wide range of uncertainty arises from our un-
certainty about the flux of the eroding agent, @#. It is recommended
that a closer examination be taken of @ with a view to arriving at
‘an estimate of the expected abragive-flux. This might possibly be
done by examining the distribution in crater populations of the
moon and Mars as photographed by Mariner's V, and VI to arrive at a
better estimate of §§ for Mars. Because of the scarcity of small
craters on Mars (Ref. #5) estimates of the extent of the transport-

erosion process can be made.

b-12
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1. INTRODUCTION AND SUMMARY

l This report summarizes the study conducted by Exotech Incorporated
under Task D of the subject contract. This task was anitiated under

modification No. 2 to the contract dated August 15, 1969.

. The study described herein represents a {ollow-~on effort to the
planning study conducted by Exotech Incorporated under an earlier contract
aimed at selecting an approach to establishing an organic constituent
inventory for the Moon*. Based on the results of this planning study

NASA selected an appreoach containing the following two essential guide-

lines-

{(a) Documentation of lunar mission spacecraft should be
preserved for possible future examination to identafy
types and quantities of organic materials deposited
on the Moon. A detailed analysis of this documenta-
tion should not be undertaken until justified by
requirements from Investigation of lunar sample

materials.

(b) An information system should be established whach
idenlifres regions of the Moon where the risk of
contamination in surface samples 1s significant,
including identification of the degree of risk and
the spacecraft which contribute to the location -

dependent material contamination,

The present study represents the znitial step zn the implementation
of the above approach in that it considers the detailed procedures and
tasks to be undertaken to collect, evaluate, store and disseminate data
which will serve anticipated needs of lunar sample investigators, consistentl
with the requirement that costs associated with implementation and operation
of the inventory be consistent with known needs for this informatron., The
primary tasks pertinent to this effort znvolved (1) determining the avaxl-
ability of lunar massion vehicle documentation and the means for collecting

it 1n a form suitable for future evaluation, (2) the collection and

lPlannlng Study for an Crganic Constituents Inventory Program,
R.G. Lyle, Exotech Incorporated, Report No., TRSR-68-029 under
Contract No. NASw-1666, May 1968



utilization of spacecraft trajectory parameters, landing sites and dispewsion
patterns for crash and soft landings, and (3) evaluating the compatibility
of required date inputs with the existing Planetary Quarantine 1nformation

system.

Sections II and III of this report summarize, respectively, the
approach taken in this study and the detarled analysis of the questions
considered. This 1s followed in Section IV by a set of recommendations
for implementing the chemical materials inventory im accordance with the
guidelines set forth above. A summary of these recommendations is also

provided below,

.The minimum requirements for the preservation of pertinent mate-
rials information are retentwron of documentation by lunar mission
spacecraft contractors and notification of the Planetary Quaranélne Off1ce
prior to disposal. This would apply to NASA contractors for the Ranger,
Lunar Orbiter, AIMP, Surveyor and Apollo programs. In addition to this,
however, the following procedures are recommended for consideration by
WASA-

1. Designate a Federal Records Center to receive all docu-

ments and organize a filing system by mission designa-

tions.

2. Order all documentation sent by U.S. Mairl to the designated
Federal Records Center at end of the existing contractual
requirements for retention, including those documents

already 1n 'other records centers.

3. When contractors and agencires desire to retain copies of
the information, require film copies suitable for aper-
ture card insertion to be forwarded to the designated

center,

4, Expand COMAT/TRIS System of Apollo program to include
materials information on module sections not now covered.
Information 1s not to include {lammability or other data
as in current system, but should include specification

and property information which would be of use in iden-

tirfying portions of the material at a later date.



5 Require copies of documentation on future £lights to be

supplied within thirty days after launch.

Concerning the preparation of an information system, a two step pro-

cedure is recommended as follows.

1. 7Prepare a contamination risk model of the lunar surface
either in tabular form or preferably as a "risk-contour”
map, based on the best avairlable estimates of spacecraft
landing sites and the particle dispersion associated with
the mass and velocity charvacteristics of hard and soft
landers. Dispersion models suitable for this purpose are

the Sandia and Grumman models referred to in the text.

2. Disseminate among lumar sample investigators, and to
others associated with the plamning of lunar secientaific
exploration information concerniﬁg the documentation to
be kept in storage and the available information, Include
& questionnalre to permit the estimation of expected usage

of informatzon systems data of various lewels of detail,

The above recommendations are expeeted to result in an optimum pro-
cedure for the implementation of a lunar chemical contaminant inventory,
consistent with known cost and technical constraints. These recommendations
and the source data upon whach they are based, are elaborated upon in the

body of this report.

The study described herein has been conducted by Robert G. Lyle and
Lester D. Shubin of Exotech's Systems Research Division, under tha overall
direction of Samuel Schalkowsky. The coatributions of highly pertinent
information by the various personnel cited in this report from NASA, NASA

contractors and from the scientific community, are gratefully acknowledged.
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IT. APPROACH TO THE STUDY
1. Definitron of the Problem

The proper application of the results of this study should make
possible the preservation of space vehicle documentation from which comn-
taminant i1dentification and quantization may be developed 1f requaired,
and should enable the delineation of contamination risk zones on the lunar

surface.

In order to gain an in-depth understanding of the entire problem,
1t was subdivided 1nto separate tasks. These tasks define the inputs re-

quired to accomplish the goals sef:

a, Determine the location and form of the documentation

required to identify spacecraft materaials.

b. Examine the available dispersion models developed for
high speed impact and soft landing vehicles and deter-

mine their applicabalaity.

¢. Determine the mosgt productive course to follow in the

collection and storage of pertinent documentation.
2. Procedures Followed 1n the Investigation

Personal communication was established with the cognizant personnel
(see Table 1) at thetagenc1es and companies holding the documentation.
Discussions covered the availability of the documentation, the amount, the
current form, 1ts storage location, and the length of time that it would
be retained. These conversations were followed by written correspondence
which formalized estimates by these companies of the costs of copying,
transferring and sorting the documentation in several ways. These alterna-

tives are presented withan this report,

Documents were acquired from the Grumman Aerospace Corp., detailing
the dispersion model for contaminants emanating from soft landers and from
the Sandaia Corp., relating to both the dispersion of fragments from hard

landers and the Planetary Quarantine Lunar Programs Information System.

These documents were examined to ascertain the applicability of the dispersion



TABLE 1

PROJECT NAME OF CONTACT ORGANIZATION
Rangex Mr. Irl Newland,* JPL

Iabrarian
Surveyor C. W. Lefever, Mgr % Hughes Aircraft

Contracts, SSD

Orbiter H. M. Miller, Mgr &%
Contracts Space

Apollo Arlie Carter
J. Steinthal

ATMP F. Ledoux

Boeing

GE/Houston
NASA/MSC

GSFC

*For Technical Information

*  Mrs. V. Pritchard (213-354-4321)
*%  Perry Ackerman (213-648-41340
*%% W G, Galloway (206~656~21211




models to the inventory problem and to define the interface between the
existing information system and the inventory. 1In addition to this
literature study, personal communication was established with a number
of personnel concerned with the content of these documents, and with re-

lated problems of lunar surface contaminatiomn.

In addition to the persomnel listed in Table 1, conversations were

held with the following persomns:

1. Mr., A.L. Roark of Sandia Laboratories on the Lunar

Informatron System computer program; :

2. Dr. M. Aronowitz of Grumman Aercspace Corp., on the

dispersion model of the IL¥ exhaust products:

3. Dr. A.L. Burlingame, Space Sciences Laboratory, Univ.
of Calif., on the sensativily of mass spectrometric

measurements of lunar materials;

4, Dr. Elbert King, Curator of the Lunar Receiving
Laboratory, concernang current practices of sample

preservation,

5. Dx. P.R. Bell, Manager of the Lunar Receiving Laboratory,

concerning possible need for the inventory;

6. Dr. Donald Flory, Gas Analysis Laboratory, LRL, to
discuss IM exhaust products, and possible contamination

in the Surveyor 3 crater,

7. Dr. I, Adler of the Theoretical Branch at GSFC, to explore

possible needs of the inorganic chemistry investigators.

Communication was also established with the Data and Tracking Group at JPL
to obtain the impact location of Orbirter IV, and with the National Geographic
Society in order to determine the accuracy and sources of information used

for placement of the mmpact sites of the USSR vehicles on their Moon chart.

The Micromation Co., of Washington, D.C. supplied estimates of the

cost of various methods of copying documents.



When all of the information was at hand, the alternatives were
studied and conclusions were reached concerning the procedures which
would accomplish the intended goals 1n the most efifective manner. Rec-~
ommendations have been developed on the basis of these conclusions which
will enable the cost effective implementation of the previously selected

inventory approach, mentioned in the Introduction and described in detail

in Exotech's previous report”.
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IIT. ANALYSIS
A. Current Status of Documentation

Ranger* The current status of the Ranger Project documentation,
the zarliest of the programs under study f{or this report, has been reason-
ably well defined. All documentation currently existent 1s stored under
the cognizance of Mr. Irl Newland, Chaef ILibrarran., and his assistant,

Mrs Vaivian Pritchard, of the Jet Prepulsion Laboratory. The bulk of the

material i1s stored at the Federal Records Center, at Shelly Air Force Base.
The documentation i1s supposed to be reviewed every three years for possible
disposal, bult to date this has not been done, and the Exotech investigator
was told that it will be stored indefinitely. Some documentation continues
to turn up in various files in JPL cffices and 1s sent to the library when

1t 18 found.

Most of the Ranger documentation is on 16 and 35mm film and much
of 1t, especilally the drawings, 1s stored on aperture cards for easy re-
trieval., Good estimates of the amount of documentation involved in the
Ranger project have been difficull to obtain, but the best available andica-
" tions are that approzimately 10,000 documents and drawings are contained

within the files.

Lunar Orbiter: Boewing Aircraft Co., Seattle, Washaington 1is con-

tractually obligated to retaan Lunar Orbiter spacecraft documentation for

the following time limits- technieal d;ta-B years, financial data-10 years.

In each case the period begins from the time of the officral termination of
the contract. It should be noted that parts lists for the Orbiter spacecraft
are contained within 13,000 drawings and identify the applicable specifica-~
tions which are on file at the Department of Defense Information Center,

where they are avairlable to NASA,

Surveyor: The Surveyor spacecraft was fabricated in two configuratioms.
Surveyors I through IV are designated Group A; Surveyors V through VII are
Group B. There are sufficient differences between the two configurations
to warrant this division, which results in an increase in the amount of docu-
mentaticn required to completely describe the spacecraft. The documentation
system used by the contractor, Hughes Aircrafi Company, permits reproduction

of both seis of data.



The documents pertaining to the Surveyor vehicles are currently
held by the Hughes Aircraft Co., ELl Segundo, California in the form of
f1lms, aperture cards, and paper copies. Most of the techmical data 1s
recorded and stored on aperture cards which are of the punched card type
containing a microfilm insert, coded for retrieval with the document
identification such as the drawing number. The coding can be extended at

any time to include such other identification as is needed.

The Hughes Aircraft Co. estimates that it has approximately 3500
aperture cards in its possession relating to the Surveyor project. It 1s
I1kely that sowme additional documentation exists that Hughes has not
included, since this s a surprisingly low quantity in comparison with the
Boeang Company estimate for the Lunar Orbiters. However, the additional
number of documents is not expected to be large and the estimate by Hughes

Company is considered acceptable for ihe purposes of this study.

Apollo There are some 600 major contractors and numerous sub-
contractors and suppliers for the Apollo program. They have produced
thousands of drawings and documents, many of which are pertinent to the

identification of chemical contaminants placed on the Moon.

Discussions with M. Gerald White at the Grumman Aerospace Corp.,
Bethpage, N.¥., revealed that the General Electric Corp. Houston ofifice
is the operating contractor of the COMAT System for NASA on the Apollo pro-
ject. COMAT 1s an acronym for ''Characteristics of Materials™. The COMAT
system 1s a computerized central data bank used in the recording and control
of the use of non-metallic materials in the crew bays of the Apollo space-
craft, It is designed for the storage and relxieval of data on the use,
status and characteristics of non-melallic materials considered for applica-
tron in the manned spacecraft. The usage data consist of an accounting
of materials in terms of their locatrons in Lhe spacecraft and quantities
and the functional requirements of their application. The status data con-
sists of evaluation of the material safety and habitability in its appli-
estion in terms of such parameters as combustion sate, fire point,
odor, and carbon monoxide emission. The characteristics data include se-

lected elements of flammability and outgassing test data.
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The documentation used to supplement the COMAT data system 1s
handled by the TRIS system (Test and Reliability Informajagn System)B.
This 15 a specialized document acquisition, storage and retrieval system,
using automatic data processing to provide multiple Ilastings and cost-

indexing. TRIS acquires, microfilms, stores, retrieves and distributes

documentation required to assist the relaabiliky and qualaity control groups

in their evaluation of certain parts, materials, and other hardware con-

sidered for use in the Apollo Program,

ATMP+ An examination was made of the status of the documentation
of ATMP D and E at the Goddard Space Flight Center. Mr. Frank LeDoux,
of the Project 0ffice, estimateg that approximately two cubic feet of
paper documentation including photographs exists. The documentation con-
tains lists of materials, test results, and manufacturers specifications
on much of the gpacecraft materials. It 18 currently maintained in loose

leaf folders and stored in a f£iling cabinet by Mr. LeDoux at GSFC.

The photographs are a necessary input to the inventory since they
“are keyed to the test programs and the identification of spacecraft parts
would be dafficult without them,

According to Mr. LeDoux, zdentification of materials used in

experiment packages would not present a difficult problem. This is due to

the fact that his records are virtually complete, and he knows the location

of the additional data required.

SGeneral Electrac, TRIS User's Manual, Houston, Texas



B. Alternative Methads for Preservaing the Documentation

| At thais tame, 1t 15 possible to retrieve the bulk of the documenta-
tion relating to the U.S. missions which have impacted or soft landed
spacecraft on the Moon. However, it may be seen from Table 2 that the
ends of the contractors' retention periods for the technical data are im
the very near future. This imposes a conslraint on the time available for
amplementation of the documentation collection required for the selected

inventory model.

The alternatives available to the Planetary Quarantine Office
under the specifications of alternative (d) of the previous Exotech r.’e.port4
requiring the preservation of documentation of all lunar contact missions
are in increasing order of complexity:

1. Extend documentation retention agreements wath the
contractors pending a later decision

The simplest solution to the problem of preserving the
documentation 1s to extend the retention agreements until at
least 1975 and postpone a decision on the disposition of the
documentation until then. This will gain time needed to
determine the full extent of the requirements of the in-

vestigators.

The primary advantage of this alternative lies in its
simplicaty, and relatively low cost. The disadvantages are
many, including the fact that the documentation is not
readily available for examination by persons other than the
contractors. In addition, it will be widely dispersed
throughout the country, making it extremely dafficult to
gain any meaningful information from the documentation with-
out considerable travel and time investment.

2. Direct contractors to transfer documentation to a

designated Federal Records Center when the retention
time expires

Under this alternative, the Govermment would require

4Ig1e, Loc. Cit,



CUSTODIAN

OF
PROJECT DOCUMENTATION
Ranger JPL
Surveyor Hughes
Orbiter Boeing
Apollo GE/Houston
ATHMP GSFC

TABLE 2

APPROXIMATE
NUMBER OF
DOCUMENTS

10,000
3,500
13,000

unknown

4,000

CONTRACTOR RETATNS
DOCUMENTATION UNTIL

1970 (2)
1973%%
1977%%
1975%%

Indefinite
Project continuing

(3

*% Estimated close of contract

(?) Estaimated

*  Analysis not needed-document call outs included



the contractors to transfer the documentation as it exists
to a designated Federal Records Center at the termination
of the retention period. The Planetary Quarantine O0ffice
would be notified of any impending changes i1n the location

of the record material.

The advantage of this alternative is that it requires
virtually no expenditure of funds. There are no storage
or handling charges, and no transportation charge to NASA
if the U.S. mails are used for shipping. Tn addition, the
documentation eventually will all be located in a single

storage center,

2

The main disadvantages are the time delay involved in
transferring the docmmentation to the Government and 1n the
variety of forms which must be handled,

3. Copy documentation in any form and send to designated
Federal Records Centerxn

Under this alternative, the contractors would submit
duplicates of the documentation in whatever form 1s con-
venient o0 a selected Federal Records Center prior to a

specified date.

The principal advantage gained 1s that the documentation
will be transferred to a single Government operated facilaty
at an early date, permitting greater accessibility than if

kept only by the contractors.

The primary disadvantage of this alternative is that
a variety of documentation forms must be dealt with., Retrieval
of information from a collection of such diverse inputs would
be diffaicult and costly.

4, Copy documentation into a suitable form for present and
future use and store 1n a designated Federal Records Centex

The significant gain in this allernative s the uniformity

in the formal of the stored documentation. The use of a
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single type of copy will result in a time saving in

handling the material during any subsequent search and

retrieval over that in the other alternatives. The

preferred format would be one which could bhe used in an

aperture card at a later date 1f desired.

This procedure will cost more than the others

initaally, but may save money in the Iong run 1f informa-
tion retrieval requests are expected.
to process the data into a f£inal form, only into a form
which may later be processed inte £inal retrieval form,
This may be accomplished by converting the documentation

into microfrlm which could be entered into an aperture

card system at a later date.

I{ the decasion s made to store all lunmar contact
spacecralt documentation, a single Federal Records Center
should be designated as the repository rather than utilizing
the Federal Recowrds Center nearest the present location
of the documentation. IF the U.S. Mail 1s used for ship-
ment of the documents, the cost of transpoctation to NASA
can be neglected., It would therefore be more beneficral
to collect the documentation alt a central point.
the point of view of convenience, this should be zn or
near, the Mﬂn&ed Spacecraft Center, because the Apollo pro-
gram 1s still in progress, and will be for some time, thus

making 1t desirable to exampne all the documents at this

single locatzon.

Consideration was given to the feasible methods of

duplicating the documentation.

Microfilm,
Microfiche,

Paper copies,
Aperture cards, or

Computer tapes,

The alternatives are

It is not necessary

From
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From the point of view of the initzal cost, microfilm
and microfiche are slightly more expensive than the hard
copies. This is borne out by the Boeing Co. quotations
for copying the Lunar Orbiter documents. The cost of
supplying paper copies is approximately $3600 less than
f1lm copires. However, film copies are better suited to
automated search and retrieval from the total inventory
collectrion of documentation. If the documentatzon is
stored on microfilm at the outset, considerable effort
may- be saved later in the event that in-depth searches

must be made.

Many of the documents now stored are in the form of
aperture cards. Aperiure cards, whale basically yieldang
the same information as the filwms and hard copires, possess
an advantage over {he other forms with the exception of
computer tape, ian that they are easily retrireved using
a machine sorter. The principal drawback is the fact
that the film size constraints require two cards for many

drawings for complete coverage.

Storage of the documentation in the memory bank of a
computer must be considered, since techniques exist for
the reproduction of drawings, circuit diagrams and similar
representations., The computer has not been constdered as
the prime storage and retrieval system for the Ranger,
Orbiter and Surveyor, because the expense of conversion to
this type of system is unwarranted at this time. If it
were planned to convert the documentation of these missions
to a form usable on a computer, considerable time would
have to be devoted to programming and inpuii. This goes
beyond the requirements of the Space Science Board, and
should not be done without certain knowledge that there
will be sufficient demands on the system to justify addi-

tional expenditures.
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C. Cther Alternatives for Documentation Preservation

In the event that the demands from the investigators are sufficiently
numerous, and require more information than 1s available under the intended
1nventory collection plan, 1t will become necessary to augment the system

Nto enable retrieval of more detailled materials information. Therefore
requests were made of the contractors for estimates of the cost of extrac-
ting the materials data and transferring it to WASA in a usable form.

The costs indicated here reflect the fact that the selection would be dome
by personnel experienced with the projects, resulting in cost savings

due to time lost by inexperienced persomnel in learning about the projects.

The Hughes Aircraft Co. proposed that the following six tasks
would be required to accomplish this selection for Group A and Group B

Surveyor spacecraft:

1. Obtain a list of materials approved for Survevor and

identify those containing organic materzal.

2, Review Indentured Parts and Drawing Lisis, for Groups
A and B configured spacecrafi, and adentify thosge

drawings potentially containing organic material:

3. Obtain Duplicate Aperture Cards (DACs) for each
drawing. On the average, two (2) Duplicate Apertiure
Cards are required per drawing, since the area

covered by a DAC "frame" 15 limited to &4 ainches.

4., Review the DACs for organic material and identify

the type and amount of material involved.

5. Compile a matrix of the amount of organic material

by type and subsystem or control item.

6. Conduct a study to determine the amount of organic
materials contained in the rocket engine products of

combustion, which would remain on the lunar surface.

It is estimated that the above effort would reguire 17 man-months

and $1500.00 1n Othexr Direct Costs (materials and reproduction). The
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estimated total fixed price for this job, including general and adminis-

trative expense and profit, 1s $53,300.

In the case of the Lunar Orbiter Spacecraft, the Boeing Co.
personnel who are intimately familiar with the spacecraft are stall

available and could accomplish the following tasks-
1. Examine all drawings and documentation.
2. Determine the compositiron of the airborne hardware,

3. Furnish a report containing the classification of

the organics and their approximate weight.

This effort would require six months of effort at a cosit to the
Government of $105,591.

Exotech has been unable to get a firm quote from JPL with respect

to the Ranger documentation costs for similar efforts.

ATMP documentalaion 1s to a large extent already breken dowm in
the manner described and little additional effort is required to maintain

the documentation in this form.

The estimated cost of complefaing the materials documentation for
the Apollo program, copying 1t into a suirtable format and entering it
1nto the current COMAT/TRIS System 1s $50-100,000. It should be noted that
many thousands of documents exist in the hands of approximately 600 con~
tractors, sub-contrzctors and other suppliers. The content of these docu-
ments in terms of organlic materials 1s unknown at this time, and this

uncertainty contributes saignificantly to the cost spread.

D. Dispersion Models

A survey of analytical methods for evaluating the dispersion of
contaminants from hard impacts and soft landings was conducted during the
period of this effort. This survey was carried out in order to determine
the applicability of existing models to the determination of contamination
risk areas, and the requirements for programmning the models into the

Interactive Computer Information System for Planetary Quarantine for Lunar
)
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Programs. Two models were found suitable for use in the pre~

dicting contaminant spread as a result of landings on the Moon's

surface.

1. Soft Landings

The model by Arvonowitz et al covers the chemical con-
tamination of the lunar suxrface by IM exhaust during a soft
landing. The total contaminant distribution is bafurcated
into two phases of contamination® a far field distribution

and a near field distraibution.

a, Far Field Distribution

The gas plume 1ssuing from the IM descenl rocket
engine nozzle into the vacuum around the moon interacis
with the lunar surface causing contamination of the
surface., The rocket plume has two major flow regimes.
Adjacent to the nozzle exit there is a compressible
continuun fluid f£low regame, but as the gas continues
to expand out f£from the nozzle the density decreases,

and a free molecular flow, far field regime -develops.

When the IM vehicle, in 1fs landing trajectory,
1s at an appreciable altitude, only the fully developed
far field of the exhaust plume intersects the moon,
This interaction produces the far field contamination
that has been analyzed and determined by assumirs free-
molecular point-source flow of the exhaust gas n the

lunar gravitational foxce field.

Flow Model - The flow model thus consists of a
moving, free molecular-flow point source in the lunar

gravitational force field. The velocity of the gas

5 Grumman Research Dept. Report RE-242 -~ Investigation of Lunar Surface
Chemical Contamination by 1M Descent Engine and Associated Equipment
by L. Aronowitz et al.,March 1966.

6 Report SC-M-68-539 ''The Chances of Retrieval of Viable Microorganisms
Deposited on the Moon by Unmanned Lunar Probes', by Martin S. Tierney,
Sandia Laboratories, Aug. 1968.



molecules flowing from the source is the vector
sum of the velocity at which the scurce (IM) 1is
moving znd the source exhaust velocity. At
ignition of the descent engine the 1M velocity
1s approximately half the exhaust velocity and
so must be included in the analysis. The random
thermal velocity 1s considerably smaller., The
molecules follow orbital trajectoxy flight paths
that may intersect the spherical lunar surface
where, as a first approxamation, they can be

assumed to be fully adsorbed.

Analysis for Contamination Calculation -~ The

total far field contamination distribution on the
lunar surface is obtained by integrating at each
of a series of fixed lunar points the time history
of contamination flux for the time period of the
far field porticn of the IM landing trajectory.
The anput data (IM position and velocity and the
point source exhaust velocity and density factor
distraibution) are such that the integration must
be done numerically by determining the flux at
dlscretentlmes over the powvered descent phase of

the IM trajectory.

The principal equation in the flux calculation
is the standard gravitational-force-field particle-
trajectory equation that defines the flight path
of a particle ag a conic section. This equation 1s
most easily solved in a spherical coordinate system
with origin at the center of the Moon and with polar

axis going through a known point on the trajecfbry.

To calculate the total contamination at a fixed
point on the lunar surface, the particle trajectory

equation must be applied repeatedly to the source
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as 1t moves along the IM trajectory. The move-

ment of the source means that the local coordinate
system for the particle trajectories rotates rela-
tive to the fixed point. TFurthermore, the particle
trajectory equation does not explicitly determine
whaich particle will land at the fixed point. To
circumvent these difficulties, a different, indirect
approach must be taken. Therefore, at a given time
or, equivalent, for a given position of the source,
the velocity that a particle must have at the source
to intersect the fixed point is calculated and thas
velocity uniquely determines the particle flux at

that point.

b. HNear Field Distrzbution

The near field dastribution 1s concerned with
the study of lunar contamination by the 1M rocket
gases when the wvehicle 1s close enough to the Moon
such that a region of continuum fluid mechanics
exists from the exhaust nozzle down to the Llunar
gurface, This problem 1s consadered as the near
field erosion problem, ¥or purposes of this study,
erosion characteristics will not be considered in
the determination of contamination. However, the
program can be used to calculate the redeposited
particle distribution on the surface and the
assoclated temperature testing for a suspension
model. A conclusion reached in the near field dis-
tribution research 1s that particles of 0,1 mm
radius may fall as far as 130 wmeters from the rocket

nozzle centerline.

c¢. Adsorption Estimation

Adsorption of Rocket Exhaust Gas on the Iunar

Surface has been calculated using a solad lunar surface
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model. Adsorption of the IM descent rocket ex-~
haust gas on lunar surface material can introduce
significant amounts of contaminants anto the
samples of the lunar surface that the Apollo
astronauts will bring back to earth for scientific
analysis. Discussed herein s a model used for
quantitative calculations of the amount of rocket
gas adsorbed on the lunar surface, and the sub-

sequent desorption of these surface contaminants,

The model chosen for the lunar surface 1s a
rough plane. This cholce agrees well with the
current knowledge of the lunar surface. The
composition of the lunar surface materiral, in
this model,was considered to be mainly metal

gsilicates.

As the IM descends toward the touchdown site,
gas molecules from the rocket exhaust will strike
the lunar surface., While the IM altitude 1s above
160 or 200 feet, the molecules striking the sur-
face are in the free molecular flow regime. AL
lower altitudes, the gas contacting the lunar
surface in the vicinity of the IM 23 i1n the con-
tinuum £low regime. The formulation uses gas-
dynamic equations appropriate to the continuum

regime.

d, Computer Program Usability

The computer programs developed for the con-
tamination distraibution estimares for both Far and
Near field distribution as well as the adsorption
computations are operational on an IEM 7094 digital
computer. It is reasonable to conclude that these
programs have been written in FORTRAN, a widely

used scirentific computation language. It 15 felt



that with some modifications to these programs, con-

version to the CDC 3100 may be possible.

2. Hard Landings

The Sandia repor%? describes the dispersonal of contaminants

during hard landings. Two possibilities are modeled,

+ Dispersion of lunar soil ejected by a space-

craft making a hard landing on the Moon.

« A range distribution for fragments of a space-

craft making a hard landing on the Moon.

The range distribution model can be used to determine the
probability that beyond a given distance from impact point no

fragmentation is expected to be found.

The assumptions under which the range distribution pro-

babalities are derived should be noted.

+ Tmpact of the lunar probe is normal to the

Moon's surface.
+ Fragments are ejected isotropzcally.

- Angle of ejection of a fragment is independent

of the fragment mass and speed,.

The soil ejection model was not used. Its output 1s given
in surface density of crater ejecta per square kilometer rather

than fragmentation distribution.

The interaciion aspects of the Planetary Quarantine TLunar
Programs Informatzon System are not operational, however, the
computational algorarthms for the hard impact model axe opera-
tional on the CDC 3100 computer. The soft landing model s

operational on an IBM 7094 computer.

3. -Applications of Dispersion Models

Table 3 gives a listing of the latest winformation avarl-
abhle on landing sites, impact mass, velocifty, and date of con-

tact. The location of Orbiter IV, previously unreported, was

7 Tierney, Loc.Git.
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TABLE 3

SPACECRAFT LANDING COORDINATES

AREA NAME/CRATER

IMPACT MASS /KG

SPEED KM/SEC

o
Mare Tranquillitatais
Mare Cognitum

Mare Tranquillitatas
Alphonsus

Oceanus Procellarum
Flamsteed

Sinus Aestuum
Oceanus Procellarum
Mare Tranquillatatis
Sinus Medan
Tycho

Sinus Medin

2

w

£
Einstein
Lansberg

D'Alembert Mts.
Schluter

Mare Tranquillitatis
West Crater

Oceanus Procellarum
Fra Mauro
Censorinus

Littrow

Tycho

Marius Hills

331
365
36¢
367
366
270

2.669
2.66

2.616
2,651

2.669
3.96 m/sec

2.38 m/sec(?) crash
Soft Landing
Soft Landing
Soft Landing
Soft Landing
U

2.38

2.38

2.38

2.38

2.38

DATE OF
CONTACT

4]26/62
2/2/6L

7/31/64
2/20/65

3/24/65
6/2/66

9/22/66
4/19/67
9/11/67
11/9/67
1/10/68
7/16/67
10/29/66
10/11/67
10/9/67
10/6/67
1/3;/68

7/20/69



(cont'd) SPACECRAFT LAMDING COORDINATES

0.8, LAT, LONG . ARFA NAME/CRATER IMPACT MASS/KG SPEED KM/SEC ggﬁgAgg

Apollo 18 2599 "  49930'W Schrioter's Valley

Apollo 19 803"y 69F Hyginus

USSR

Luna 2 30.1%% 0.01°E Mare Imbrium/Autolycus 390 2.38 9/14/59

Luna 5 1.5% 25°% Oceanus Procellarum 1476 2.38 5/12/65
Lansberg

Luna 7 9.8%8 48.8% Oceanus Procellarum/Marius 1506 2.38 10/8/65

Luna 8 9.6°N 61.60W Qceanus Procellarum 1552 2.38 12/6/65
Gezlilewn

Luna 9 7.8°N 65%% Oceanus Procellarum 1360 5.5-6.1 m/sec « 2/3/66

Luna 13 18.5°N 62°W Oceanus Procellarum 100 Soft Landing 12/24/66

Tuna 15 U U Mare Crisium U 1.3 Km/sec (?) 7/21/69

T %  Not named

RU Unknown



supplied by the Data and Tracking Grouwp at JPL. Luna 15
data are not listed, due to the fact that at the time of
this report, Exotech has been unable to acquire any in-
formation other than the report made by the Jodrell Bank
Observatory during the Apollo 11 f£light.

The propcsed dispersion models must be combined and
programmed with termainal trajcctory information and impact

sites to answer queries such as these

+ What 1s the probability of the presence of a
fragment or fragments of a specified gize or

mass at a designated sampling site?

Which mission(s) would be the principal con-
tributor(s) to contamination in a particular

lunar region?

» At given distances from the impacts, what

gize .range of fragments 1s to be expected?

. What 1s the closest point of approach to a pre-
viously landed spacecraft where the probability
of detectable contamination i1s less than a

selected value?

In order to provide answers to these and similar questions,
both models must be utalized in such a way as to maintain
their separate identity, and allow their outputs to be
supplementary or independent. In this manner, the exhaust
components from soft landers and fragments from ilmpacts
can be reported as part of a total contamimation picture or

as separate constiftuents.

Scope of Materials Documentation

The apalytical efforts of the Lunar Principal Investigators are f{re-

quently directed toward the identification of trace amounts of components,

If the analysis reveals the presence of a substance such as sulfur or

phosphorus, the investigator will be concerned as to whether it 1s of

terrestrial or extraterrestrizal origin. The investigator will have an
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interference problem whether the sulfur comes from sodzum sulfate or

from a type of rubber that deberiorated on the lunar surface. After pro-
longed periods of time, 1t may be that the two materials are virtually
indistinguishable from each other, It would be helpful to Lhe investaigator,
in any case, to have an estimate of the probabality that a certain amount

of sulfur can be expected as a contaminant in the area of interest.

From the point of view gf the life scientists, in eontrast to
that of the analytical chemist, noted above, the source of the contaminant
1s important, After some treatments, notably gas chromatography/mass
spectrometry, the original composition is destroyed, and the inorganic
ions are the same, regardless of the source, The phosphorous from a
phospholipid as indistainguishable from that from a phosphate, after treat-
ment nitrate nitrogen appears the same as that from an amine. With addi-

tional effort, differences can be identified, but the problem i1s obvious.

The information avarlable from the inventory would be more com-
prehensive 1f the scope were broadened to include all non-metallic materaials,
especially those materials which include their composition elements of

"brological composition. This list should include those elements such as
¥, P, 5, MNa, K, Mg, Ca, Sr, F, CGl, Br, and I for example and any others
which have been found necessary for terrestrial 1life and are present in

non-metallic compounds.

F. Future Requirements

The compilation of a lunar inventory of possible surface contaminants
is predicated upon the fact that future needs will require information con-
cerning the adentity of these materials. It 1s obvious that the space-
craft documentation preserved in its present status c;nnot answer these
projected needs, An assessment of future requirements 1s needed, since
any detailed characterization, indexing ox categorization of the documenta-
tion beyond that of identification accoxrding to missions 1s unwarranted

(except for Apollo) at this tawe unless a real demand 1s expected.

A program should be initiated which will enable the prediction of
these needs and thereby permit planning to accommodate them, Certain

assumptions have been made 1n this study concerning future needs, although
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the information needed for wvalid estimates 1s not available at this time.
Theiflrst assumption that must be considered”is vhether or not justifica-
tion exists for expecting that this documentation will be requested.

The rationale for saying that it will be requested 1s based upon the
expectation that the next generation of analytical instrumentation will
operate at increased sensitivity levels, 1.e., where parts per billion
sensitivities are now commonplace, parts per tyillion are likely to be
obtainable in the near future., Tf this is indeed the case, background
levels will have to be examined very carefully, and this may lead to re-

quests for more details on the materials which make up this background.

Along the same line of thought, a twenty year period recommended
for retention of documentation s consideved sufficient o cover any

future need for the inventory.

The information requests received during this period will also
establish whether or not more detailed procedures are needed for a storage

and retrieval system to manage the information contained i1n the inventory.

G. Maintaining the Inventory

During the study, considerable difficulty was experienced in
attempting to update the landing parameters and location coordinates for
several of the missions. I; order to maintain the inventory with the
best available information, such data should be frequently reviewed and
updated., At present, fhey are scattered among the agencies regponsible for
the programs, and become less reliable as the groups change. A central
source 1s needed which can provide this type of information to interested
personnel. Since much of this effort 1s directly related to the manned
spacecraft program, MSC, Houston 1s the logical Center to set up and
maintain all data on landing sites, i1mpact characteristics, and other
pertinent information on lunar mission hardware. An effort should continue

to include all available information on USSR landers as well.

In describing the potential usefulness of the inventory, an incident
of recent occurrence should be noted. No plans have been made to check

the accuracy of the model formulated by Aronowitz for soft landers either



by analyzing specimens taken near the IM on Apollo 11 and 12, or those
taken {rom the crater containing Surveyor 3. A recent publication
describing the IM exhaust products has been publlshed7, and has ap-
parently enabled one researcher to identify a fluorescent material as
having originated in the IM exhaust. Congiderable benefit would result
from verification of this model enabling the prediction of uwncontaminated
sampling sites, and i1n the degree of contamination to be expected close
to the IM.

The only discrimination of classes of materials presently
available in the inventory documentation is that of the Apollo program
which separates out the non-metallic components. This 1s the only
limitation applied to the collection of materials information and 1s
a more realistic distinction than organic/inorganic. By increasing the
prescribed scope of the inventory documentation to this extent, possibilaities
of omission would be decreased considerably at little cost since the
Apolio documentation system 1s already obsexrving this division. If thas
concept is adopted, the inventogy vould be capable of providing more com-
prehensive information than would be possible with an arbitrary elimination

of inorganmic materials,

Additional useful information which could be entexed into the
Planetary Quarantine computed-based informzition system includes the loca-
tions of the wvarious sub-sections within the spacecrafit documentation and
general cross-reference index. To 1llustrate: Although the spacecraft
materials information will not be analyzed ox categorized, the primary
index titles as utilized by the various contractors in f£iling the informa-
tion could be carried through. Requests for information relating fo a
particular subassembly on Ranger VII could also provide file locations on
similar subassemblies on Rangers VIII, IX, IV and VI at the same time. If
information concerning the desired mission is inceomplete similar data for

an identical spacecraft could be indicated.

Apollo Lunar Module Engine Exhaust Products, B.R. Saimonert,A.L. Burlingame,
D.A. Flory and I.D, Smith,Science, Vol.,166, No.3906, Nov. 7, 1969
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v, RECOMMENDATIONS

It 1s convenient and useful to present recommendations separately
for (1) the preservation of documents and, (2) the implementation of a
materials information system. The first category deals largely with
detailed data on types and quantities of materials contained on particular
flight vehicles for vhich there may or may not be a demand. The second
category represents the general methods for providing to potential users
information on the risk or likelihood of sample contamination and, af
appropriate, also on the type, quantity and source of the contamination.
The documentation category is therefore a subelement of the information
system. However, since action taken on the preservation of documenits -
and more significantly, the lack of such action has an irreversible effect
cn the future usefulness of an information system, the recommendations

concerning the preservation of documents require early attention,.

A, Implementation of an Information System

To assure that costs are compatible with known benefits, 1t 1s

recommended that implementation of an information system be carvied out

in two steps as follows:

1. ZPreparation of Contamination Risk Model for the Moon

Information concerning the likelihood of sample con-
tamination by materials of terrestrial origin (due to prior
lunar f£lights) should be prepared and made available to
1nterested personnel within NASA and the scientific com-
munity. This 1s most readaily accomplished either
1n tabular form or as a map of pertinent regions of the

Moon containing contamination probability '“contours”.

The updating of the system at KSC with all pertinent
lunar mission spacecraft parameters is required. The in-
formatzon 18 currently not available from a single source,

but must be sought {rom the various responsible agencies.

The dispersion models of Avomritz and Tierney should

be programmed into the Planetary Quarantine computer system

E-29



in a mamner that will provide identification of surface areas
in the vicinity of spacecraft landing sites where contamina-
tion may affect the samples. In order to apply the dispersion
models delineated by Aronowitz and Tierney, and to specify
their effect on the various sampling sites, the best avail-
able information on the impact parameters and localions of
the spacecraft must be applied. This input to the inventory
should be updated as better information becomes available.

It should be noted that the inclusion of this input to the
information system 1s imporitant in order to provide estimates
of the distribution of contaminants over the lunar surface,
and to provide an estimate of the probability of a con-
taminated surface sample being drawn from a particular
region of the Moon. The more precisge these inputs are, the
better the estimates will be. Unlike the materials docu-
mentation input which treats U.S. spacecraft alone, this
information treats all spacecraft, including those originat-

ing in the USSR.

The most Important output from thrs system, initaally,
is the delineation of the contamination risk areas. The
intended Apollo landing sites through Apollo 20 have been
tentatively selected. Issuance of the expected contamina-
tion levels (risk areas) in these and adjacent areas would

be valuable aids in planning these missions.

2. Assegsment of Future Requirements

With the information now available, the precise questions
to be expected from investigators of lunar sample materials
cannot be predicted at thas time with sufficient certainty.
Prowisions for gaining additional information on potential

requirements are therefore necessary.

It 15 recommended that a questionnaire be distributed to
recipients of the Lunar Contamination Model. The question-

narre should determine the aim of the research, the general



techniques and instrumentation to be used, the elements of
interest, the interferences, the expected use of the data
system, particular types of information desired, and other
relevant data. From these questionnaires, estimated usages
can be made, conclusions as to indexang requirements can

be drawn and the type of retrieval system which will be most

useful can be selected.
Preservation of Documents

1. Minaimum Requirements

The fundamental consideration with respect to space-
craft materials documentation s that disposal or loss of
pertinent records be prevented sc long as a possible need
exists for such information to support lunar sample inves-
tigations. The mechanism for preservation of these docu-
ments exists in the retention time requirements imposed
upon the various contractors. This should be supplemented
by a requirement for notification of the Planetary Quarantine
Office prior to dispcsal or transfer of the documents from
their present locations. Implementation of a2 notification
requirement would ensure against inadvertent loss of the

information.

2. Recommended Storage Procedures

A more direct approach to the solution of the problem
is to order transferral of the documentation, c¢r suitable
coples thereof (see below), to the Federal Records Center
nearest the cognizant agency at the end of the contractually
specified retention time for technical data., The exception
is the Apollo documentation In this area, the COMAT/TRIS
system should be expanded to contain the additional docu-
mentation required for all nonhabitat areas, e.g., the
descent stage. The documentation need not be completely
detailed wath respect to test results of filammability ox

tests of other iypes pertinent to the current needs of the
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system, bub should contain all nopmetallic organic materials
information pertaining to amounts, classifications, and
specirfications of the material. Incoming documentation
should be separated into two categories: (1) that which con-
taing no materials information, (2) the remainder. Category
(2) should be indexed with a brief descriptive title and
entered into the system. The responsibility for locating
and transferring the documentation should be shared by the
personnel currently managing the system, arded by the

prime coniractors, North American Rockwell, Grumman Aircraft
and the Manned Spacecraft Center. The urgency of this move
cannot be overstressed since construction of the remaining
Apollo gpacecrafit 1s now virtually complete and personnel
now assignad to these projects are likely to be transferred.
With this action, the location of many documents in the
hands of suppliers will become obscured. The documents
pertaining to the habitability areas of the (M and LM are
necessary, but in themselves not sufficient for the inventory,
because the descent stage of Apollo 10 will impact at a
future date, and the ascent stage from Apollo 12 impacted

on Hovember 20, 1969,

3. BSuitable Copy Recommendations

Of the forﬁats described previously, the one that is most
suitable for both present and evisioned future needs 1s the
aperture card. It is readily indexed in any way desired,
lends ditself to rapid and selective retrieval, requires
little storage space in relation to the amount of informa-
tion it can caryy and is durable enough to withstand a great
deal of handiing. Tt is therefore recommended that the
aperture card be established as the standard copy for all
information to be copied for transferral, and that this also
be the form that any fulure indexing or categorization
should follow.
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A requirement should be 1ssued that the documentation
concerning nommetallic materials, their specifications,
and other pertinent data, but excluding such items as
flammabality tests, for all future lunar missions be sent
to the COMAT system for inclusion into the inventory.
This will aid in keeping future search costs dowm. It
is likely that little further documentation can be ex—
pected under the Apollo requirements except for the Lunar
Vehicle, but this will) constitute a large amount of
material input that will not have to bhe processed at a
later date. This can also accommodate the inputs from
the possible lunar orbit shuttle vehicles for extended

exploration of the surface.

In the event that requests from principal investigators

warrant the additional effort necessary to provide more
specific information concerning the organic materials, it
is recommended that the COMAT/TRIS system Fformat be used

as a nucleus for an active inventory system.
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