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FOREWORD

This report has had classified material removed in order to
make the information available on an unclassified, open
publication basis, to any interested parties. This effort to
declassify this report has been accomplished specifically to
Support the Department of Defense Nuclear Test Personnel Review
(NTPR) Program, The objective is to facilitate studies of the
low levels of radiation received by some individuals during the
atmospheric nuclear test program by making as much information
as possible available to all interested parties.

The material which has been deleted is al] currently
classified as Restricted Data or Formerly Restricted Data under
the provision of the Atomic Energy Act of 1954, (as amended) or
js National Security Information,

This report has been reproduced directly from available
copies of the original material. The locations from which
material has been deleted is generally obvious by the spacings
and "holes" in the text. Thus the context of the material
deleted is identified to assist the reader in the determination
of whether the deleted information is germane to his study.

It is the belief of the individuals who have participated
in preparing this report by deleting the classified material
and of the Defense Nuclear Agency that the report accurately
portrays the contents of the original and that the deleted
material is of little or no significance to studies into the
amounts or types of radiation received by any individuals
during the atmospheric nuclear test program.



ABSTRACT
The general objective was to obtain data sufficient to characterize the fallout, interpret the

aerial and oceanographic survey results, and check fallout-model theory for Shots Cherokee,

Zuni, Flathead, Navajo, and Tewa during Operation Redwing. Detailed measurements of fallout

buildup were planned. Measurements of the radiation characteristics and physical, chemical,

and radiochemical properties of individual solid and slurry particles and total cloud and fallout

samples were also planned, along with determinations of the surface densities of activity and

environmental components in the fallout at each major station.

Standardized instruments and instrument arrays were used at a variety of stations which

included three ships, two barges, three rafts, thirteen to seventeen deep-anchored skiffs, and

four islands at Bikini Atoll. Total and incremental fallout collectors and gamma time-intensity

recorders were featured in the field instrumentation. Special laboratory facilities for early-

time studies were established aboard one ship. A numberof buried trays with related survey

markers were located in a cleared area at one of the island stations. Instrument failures were

few, and a large amount of data was obtained.

This report summarizes the times and rates of arrival, times of peak and cessation, mass-

arrival rates, particle-size variation with time, ocean-penetration rates, solid- and slurry-

particle characteristics, activity and fraction of device deposited per unit area, surface densi-

ties of chemical components, radionuclide compositions with corrections for fractionation and

induced activities, and photon and air-ionization decay rates. A numberof pertinent correla-

tions are also presented: predicted and observed fallout patterns are compared, sampling bias

is analyzed, gross-product decay is discussed in relation to the t™'-? rule, fraction-of-device

calculations based on chemical and radiochemical analyses are given, the relationship of film-

dosimeter dose to gamma time-intensity integral is considered, a comparison is made between

effects computed from radiochemistry and gamma spectrometry, air-sampling measurements

are interpreted, and the fallout effects are studied in relation to variations in the ratio of fission

yield to total yield.

Some of the more-important general conclusions are summarized below:

The air burst of Shot Cherokee produced no fallout of military significance.

Fallout-pattern locations and times of arrival were adequately predicted by model theory.

Activity-arrival-rate curves for water-surface and land-surface shots were similar, and

were well correlated in time with local-field ionization rates.

Particle-size distributions from land-surface shots varied continuously with time at each

Station, with the concentration and average size appearing to peak near time-of-peak radiation

rate; the diameters of barge-shot fallout droplets, on the other hand, remained remarkably

constant in diameter at the ship stations.

Gross physical and chemical characteristics of the solid fallout particles proved much the

Same as those for Shot Mike during Operation Ivy and Shot Bravo during Operation Castle. New

information was obtained, however, relating the radiochemical and physicat characteristics of

individual particles. Activity was found to vary roughly as the square of the diameter for irreg-

ular particles, and as some powergreater than the cube of the diameter for spheroidal particles.

Fallout from barge shots consisted of slurry droplets, which were composed of water, sea
Salts, and radioactive solid particles. The latter were spherical, generaily less than 1 micron
in diameter, and consisted mainly of oxides of calcium and iron. At the ship locations, the
Solid particles contained most of the activity associated with the slurry droplets; close in, how-
ever, most of the activity was in soluble form.

Bulk rate of penetration of fallout in the ocean was, under several restrictions, similar for
both solid and slurry particles. Estimates are given of the amountof activity which may have
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been lost below the thermocline for the fast-settling fraction of solid-particle fallout.

Fractionation of radionuclides from Shot Zuni was severe while that from Shot Tewa was

moderate; Shots Flathead and Navajo were nearly unfractionated. Tables are provided, incor-

porating fractionation corrections where necessary, which allow the ready calculation of infinite-

field ionization rates, and the contribution of individual induced activities to the total ionization

rate,

Best estimates are given of the amount of activity deposited per unit area at all sampling

stations. Estimates of accuracy are included for the major stations.



FOREWORD

This report presents the final results of one of the projects participating in the military-effect

programs of Operation Redwing. Overall information about this and the other military-effect

projects can be obtained from WT—1344, the “Summary Report of the Commander, Task Unit

3.” This technical summary includes: (1) tables listing each detonation with its yield, type,

environment, meteorological conditions, etc. ; (2) maps showing shot locations; (3) discussions

of results by programs; (4) summaries of objectives, procedures, results, etc., for ail projects;

and (5) a listing of project reports for the military-effect programs.

PREFACE
Wherever possible, contributions made by others have been specifically referenced in the body

of this report and are not repeated here. The purpose of this section is to express appreciation

for the many important contributions that could not be referenced.

Suggestions fundamental to the success of the project were made during the early planning

stages by C. F. Miller, E.R. Tompkins, and L.B. Werner. During the first part of the operation,

L. B. Werner also organized and directed the analysis of samples at U.S. Naval Radiological

Defense Laboratory (NRDL). Sample analysis at NRDL during the latter part of the operation

was directed by P.E. Zigman, who designed and did much to set up the sample distribution cen-

ter at Eniwetok Proving Ground (EPG) while he wasin the field. C.M. Callahan was responsible

for a large share of the counting measurements at NRDL and also contributed to the chemical

analyses.

The coordination of shipboard construction requirements by J. D. Sartor during the prelimi-

nary phase, the assembly and checkoutof field-laboratory instrumentation by M. J. Nuckolis

and S. K, Ichiki, and the scientific staff services of E. H. Covey through the field phase were

invaluable. Important services were also rendered by F. Kirkpatrick, who followed the process-

ing of all samples at NRDL and typed manyof the tables for the reports, V. Vandivert, who pro-

vided continuous staff assistance, and M. Wiener, who helped with the final assembly ofthis

report.

Various NRDL support organizations performed outstanding services for the project. Some

of the most notable of these were: the preparation of all report illustrations by membersof the

Technical Information Division, the final design and construction of the majority of project in-

Struments by personnel from the Engineering Division, the packing and transshipment of all

project gear by representatives of the Logistics Support Division, and the handling of all rad~

safe procedures by membersof the Health Physics Division. In this connection, the illustration

work of I. Hayashi, the photographic work of M. Brooks, and the rad-safe work of W. J. Neall

were particularly noteworthy.

The project is also indebted to the Planning Department (Design Division), and the Electronics

Shop (67) of the San Francisco Naval Shipyard, for the final design and construction of the ship

and barge platforms and instrument-control systems; and to U.S. Naval Mobile Construction

Battalion 5, Port Hueneme, California, for supplying a numberof field personnel.

The names of the persons who manned thefield phase are listed below. Without the skills
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and exceptional effort devoted to the project by these persons, the analyses and results presented

in this report could not have been achieved:

Deputy Project Officer (Bikini): E.C. Evans Ml.
Deputy Project Officer (Ship): W.W. Perkins.
Director of Water Sampling: S. Baum.

Assistant Director of Laboratory Operations: N.H. Farlow.

Program 2 Control Center: E.A. Schuert (fallout prediction), P.E. Zigman, and W.J.

Armstrong.
Eniwetok Operations: M.L. Jackson, V. Vandivert, E.H. Covey, A. R. Beckman, SN T.J.

Cook, CD2 W.A. Morris, SW1 M.A. Bell, and SN I. W. Duma.

Laboratory Operations: C.E. Adams, M.J. Nuckolls, B. Chow, S.C. Foti, W.E. Shelberg,

D. F. Covell, C. Ray, L.B. Werner, W. Williamson, Jr., M.H. Rowell, CAPT B. F. Bennett,

S. Rainey, CDR T.E. Shea, Jr., and CDR F. W. Chambers.

Bikini Operations: J. Wagner, C.B. Moyer, R.W. Voss, CWO F.B. Rinehart, SWCN W.T.

Veal, SN B.L. Fugate, and CE3 K. J. Neil. Barge Team: L.E. Egeberg (captain), T. E. Sivley,

E.L. Alvarez, ET3 R.R. Kaste, CMG1 J.O. Wilson, SW2 W. L. Williamson, A.L. Berto, E.A.

Pelosi, J.R. Eason, K.M. Wong, and R.E. Blatner. Raft Team: H.K. Chan (captain), F.A.

Rhoads, SWCA W.L. Hampton, and SWCN H.A.-Hunter. Skiff Team: LTJG D.S. Tanner (cap~

tain), M.J. Lipanovich, L.D. Miller, DM2 D.R. Dugas, and ET3 W. A. Smith.

Ship Operations: YAG-40 Team: E.E. Boetel, ET1 T. Wolf, ET3 J. K. LaCost, J.D.

O’Connor and J. Mackin (water sampling), and CAPT G.G. Molumphy. YAG-39 Team: M.M.

Bigger (captain), W.L. Morrison, ET1 W. F. Fuller, ET3 R.L. Johnson, and E.R. Tompkins

(water sampling). LST-611 Team: F.A. French (captain), ENS H.B. Curtis, ET2 F.E. Hooley,

and ET3 R. J. Wesp.

Rad-Safe Operations: J.E. Law, Jr., E.J. Leahy, R.A. Sulit, A. L. Smith, F.A. Devlin, B.

G. Lindberg, G. E. Backman, L. V. Barker, G.D. Brown, L.A. Carter, C.K. Irwin, P. E. Brown,

F. Modjeski, and G.R. Patterson.
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Chopter |

INTRODUCTION

1.1 ; OBJECTIVES

The general objective was to collect and correlate the data needed to characterize the fallout,

interpret the observed surface-radiation contours, and check the models used to make predic-~

tions, for Shots Cherokee, Zuni, Flathead, Navajo, and Tewa during Operation Redwing.

The specific objectives of the project were: (1) to determine the time of arrival, rate of

arrival, and cessation of fallout, as well as the variation in particle-size distribution and gamma-

radiation field intensity with time, at several points close to and distant from ground zero; (2)

. to collect undisturbed samples of fallout from appropriate land- and water-surface detonations

for the purpose of describing certain physical properties of the particles and droplets, includ-

ing their shape, size, density and associated radioactivity; measuring the activity and mass

deposited per unit area; establishing the chemical and radiochemical composition of the fallout

material; and determining the sizes of particles and droplets arriving at given times at several

important points in the fallout area; (3) to make early-time studies of selected particles and

samples in order to establish their radioactive-decay rates and gamma-~energy spectra; (4) to

measure the rate of penetration of activity in the ocean during fallout, the variation of activity

with depth during and after fallout, and the variation of the gamma-radiation field with time a

short distance above the water surface; and (5) to obtain supplementary radiation-contour data

at short and intermediate distances from ground zero by total-fallout collections and time-of-

arrival measurements.

It was not an objective of the project to obtain data sufficient for the determination of com-
plete fallout contours. Instead, emphasis was placed on: (1) complete and controlled documen-
tation of the fallout event at certain key points throughout the pattern, also intended to serve as
Correlation points with the surveys of other projects; (2) precise measurements of time-
dependent phenomena, which could be utilized to establish which of the conflicting assumptions

of various fallout prediction theories were correct; (3) analysis of the fallout material for the

Primary purpose of obtaining a better understanding of the contaminant produced by water-surface

operations; and (4) gross documentation of the fallout at a large numberof points in and near the
on.

1.2) BACKGROUND

A few collections of fallout from tower shots were made in open pans during Operation Green-

house (Reference 1). More extensive measurements were made for the surface and underground

Shots of Operation Jangle (Reference 2). Specialized collectors were designed to sample incre-
Mentally with time and to exclude extraneous material by sampling only during the fallout period.
The studies during Operation Jangle indicated that fallout could be of military importance in a-
reas beyond the zones of severe blast and thermal damage (Reference 3).

During Operation Ivy, a limited effort was made to determine the important fallout areas for
a device of megaton yield (Reference 4). Because of operational difficulties, no information on



fallout in the downwind direction was obtained. Contours were established in the upwind and

crosswind directions by collections on raft stations located in the lagoon.

Elaborate plans to measure the fallout in all directions around the shot point were made for

Operation Castle (Reference 5). These plans involved the use of collectors mounted on free-

floating buoys placed in four concentric circles around the shot point shortly before detonation.

Raft stations were also used in the lagoon and land stations were located on a numberof the is-

lands. Because of poor predictability of detonation times and operational difficulties caused by

high seas, only fragmentary data was obtained from thesestations.

The measurement of activity levels on several neighboring atolls that were unexpectedly con-

taminated by debris from Shot 1 of Operation Castle provided the most useful data concerning

the magnitude of the fallout areas from multimegaton weapons (Reference 6). Later in the op-

‘eration, aerial and oceanographic surveys of the ocean areas were conducted and water samples

were collected (References 7 and 8). These measurements, made with crude equipment con-
structed in the forward area, were used to calculate approximate fallout contours. The aerial-

survey data and the activity levels of the water samples served to check the contours derived

from the oceanographic survey for Shot 5. No oceanographic survey was made on Shot 6; how-

ever, the contours for this shot were constructed from aerial-survey and water-sample data.

In spite of the uncertainty of the contours calculated for these shots, the possibility af deter-

mining the relative concentration of radioactivity in the ocean following a water-surface detona-

tion was demonstrated. During Operation Wigwam (Reference 9), the aerial and oceanographic

survey methods were again successfully tested.

During Operation Castle, the question arose of just how efficiently the fallout was sampled

by the instruments used on that and previous operations. Studies were made at Operation Tea-

pot (Reference 10) to estimate this efficiency for various types of collectors located at different

heights above the ground. The results demonstrated the difficulties of obtaining reliable samples

and defined certain factors affecting collector efficiency. These factors were then applied in the

design of the collectors and stations for Operation Redwing.

1.3. THEORY

1.3.1 General Requirements. Estimates of the area contaminated by Shot 1 during Operation

Castle indicated that several thousand square miles had received significant levels of fallout (Ref-

erences 5, 11 and 12), but these estimates were based on very-~meager data. It was considered

essential, therefore, to achieve adequate documentation during Operation Redwing. Participation

in a joint program designed to obtain the necessary data (Reference 13) was one of the responsi-

bilities of this project.

The program included aerial and oceanographic surveys, as well as lagoon and island sur-

veys, whose mission was to make surface-radiation readings over large areas and collect

surface-water samples (References 14, 15 and 16). Such readings and samples cannot be used

directly, however, to provide a description of the contaminated material or radiation-contour

values. Corrections must be made for the characteristics of the radiation and the settling and

dissolving of the fallout in the ocean. It was these corrections which were of primary interest

to this project. \ . -

 

1.3.2 Data Requirements. Regardless af whether deposition occurs on a land or water sur-

face, much the same basic information is required for fallout characterization, contour con-

struction, and model evaluation, specifically: (1) fallout buildup data, including time of arrival,
rate of arrival, time of cessation, and particle-size variation with time; (2) fallout composition

data, including the physical characteristics, chemical components, fission content, and radio-

nuclide composition of representative particles and samples; (3) fallout radiation data, including

photon emission rate and ionizing power as a function of time; and (4) total fallout data, including

the number of fissions and amount of mass deposited per unit area, as well as the total gamma-

ionization dose delivered to some late time.
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-”. 4.3.3 Special Problems and Solutions. Models can be checked most readily by means of

faliout-buildup data, because this depends only on the aerodynamic properties of the particles,

their initial distribution in the cloud, and intervening meteorological conditions. The construc-

tion of land-equivalent radiation contours, on the other hand, requires characterization of the

composition and radiations of the fallout in addition to information on the total amount deposited.

 

, 1.3.4 Radionuclide Composition and Radiation Characteristics. In the present case, for ex-

ample, exploratory attempts to resolve beta-decay curves into major components failed, because

“ at the latest times measured, the gross activity was generally still not decaying in accordance

“with the computed fission-product disintegration rate. It was known that, at certain times, in-

duced activities in the actinides alone could upset the decay constant attributed to fission prod-

ucts, and that the salting agents present in some of the devices could be expected to influence

the gross decay rate to a greater or lesser extent depending on the amounts, half lives, and

‘decay schemesof the activated products. The extent to which the properties of the actual fission

products resembled those of thermally fissioned U*® and fast fission of U?™ was not known, nor
-were the effects of radionuclide fractionation. In order to estdblish the photon-emission char-

acteristics of the source, a reliable method of calculating the gamma-ray properties of a defined

quantity and distribution of nuclear-detonation products had to be developed. Without such infor-

mation, measurements of gamma-ionization rate and sample activity, made at a variety of times,

‘could not be compared, nor the results applied in biological-hazard studies.

Fission-product, induced-product, and fractionation corrections can be made on the basis of

radiochemical analyses of samples for important nuclides. This leads to an average radionuclide

composition from which the emission rate and energy distribution of gamma photons can be com-

puted for various times. A photon-decay curve can then be prepared for any counter with known

response characteristics and, by calculating ionization rates at the same times, a corresponding

tonization-decay curve. These curves can in turn be compared with experimental curves to check

the basic composition and used to reduce counter and survey-meter readings.

1.3.5 Sampling Bias. Because the presenceof the collection system itself usually distorts

the local air stream, corrections for sample bias are also required before the total fallout de-

posited at a point may be determined. To make such corrections, the sampling arraysat all
stations must be geometrically identical, so that their collections may be compared when cor-
rected for wind velocity, and an independent and absolute measureof the total fallout deposited

at one or more of the stations must be obtained. Thelatter is often difficult, if not impossible,
to do and for this reasonit is desirable to express radiological effects, such as dose rate, in
terms of a reference fission density. Insertion of the best estimate of the actual fission density

then leads to the computed infinite-plane ionization rate for that case.
In principle, on the deck of a ship large enough to simulate an infinite plane, the same fallout-

radiation measurements can be made aS on land mass. In actual fact, however, there are im-
portant differences: an additional deposition bias exists because of the distortion of the airflow
‘around the ship; the collecting surfaces on the ship are less retentive than a land plane, and

their geometric configuration is different; a partial washdown must be used if the ship is manned,

and this requires headway into the surface wind in order to maintain position and avoid sample
Contamination in the unwashed area. For these reasons, the bias problem is even more severe
aboard ship than on land. CO

The preceding considerations were applied in the development of the present experiment and

will be reflected in the treatment of the data. All major sampling stations were constructed
alike and included an instrument for measuring wind velocity. The buried-tray array surround-
ing the major station on Site How was intended to provide one calibration point, and it was hoped
that another could be derived from the water-sampling measurements. In the analysis which
follows, fractionation corrections will be made and radiological quantities expressed in terms
of 10* fissions wherever possible. Relative-bias corrections will be included for each major

Station, and an attempt will also be made to assess absolute bias for these stations.
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1.3.6 Overall Approach. It should be emphasized that, at the time this project was conceived,

the need for controlled and correlated sets of fallout data for megaton bursts was critical. Be-
cause of the lack of experimental criteria, theoretical concepts could be neither proved nor dis-

proved, and progress was blocked by disagreements over fundamental parameters. The distri-

bution of particle sizes and radioactivity within the source cloud, the meteorological factors

which determined the behavior of the particles falling through the atmosphere, the relationship

of activity to particle size, and the decay and spectral characteristics of the fallout radiations:

all were in doubt. Even the physical and chemical nature of the particulate from water-surface

bursts was problematical, and all existing model theory was based on land-surface detonations.

Corrections necessitated by collection bias and radionuclide fractionation were considered re-

finements.

The objectives stated in Section 1.1 were formulated primarily to provide such sets of data.

However, the need to generalize the results so that they could be applied to other combinations

of detonation conditions was also recognized, and it was felt that studies relating to basic radio-

logical variables should receive particular emphasis. Only when it becomes possible to solve

new situations by inserting the proper values of such detonation parameters as the yield of the

device and the composition of environmental materials in generalized mathematical relation-

ships will it become possible to truly predict fallout and combatits effects.
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Chapter 2

PROCEDURE

2.1 SHOT PARTICIPATION

This project participated in Shots Cherokee, Zuni, Flathead, Navajo and Tewa. Shot data

is given in Table 2.1.

2.2 INSTRUMENTATION

The instrumentation featured standardized arrays of sampling instruments located at a vari-

ety of stations and similar sets of counting equipment located in several different laboratories.

Barge, raft, island, skiff, and ship stations were used, and all instruments were designed to

documentfallout from air, land, or water bursts.

The standardized arrays were of two general types: major and minor. The overall purpose

of both was to establish a basis for relative measurements. Major arrays were located on the

ships, barges, and Site How; minor arrays were located on the rafts, skiffs, and Sites How,

George, William, and Charlie. All major array collectors are identified by letter and number

in Section A.1, Appendix A.

Special sampling facilities were provided on two ships and Site How.

The instrument arrays located at each station are listed in Table 2.2.

2.2.1 Major Sampling Array. The platforms which supported the major arrays were 15 or

20 feet in diameter and 3 feet 8 inches deep. Horizontal windshields were used to create uni-

form airflow conditions over the surfaces of the collecting instruments (Figures 2.1 and 2.2).

All platforms were mounted on towers or king posts of ships to elevate them into the free air

Stream (Figure 2.3).
Each array included one gamma time-intensity recorder (TIR), one to three incremental

collectors (IC), four open-close total collectors (OCC), two always-open total collectors, Type

1 (AOC,), one recording anemometer (RA), and one trigger-control unit (Mark I or Mark ID).
The TIR, an autorecyclic gamma ionization dosimeter, is shown dissambled in Figure 2.4.

It consisted of several similar units each of which contained an ionization chamber, an integrat~

ing range capacitor, associated electrometer and recyclic relay circuitry, and a power ampli-

fier, fed to a 20-pen Esterline-Angus operational recorder. Information was stored as a line

Pulse on a moving paper tape, each line corresponding to the basic unit of absorbed radiation

for that channel. In operation, the integrating capacitor in parallel with the ionization chamber

was charged negatively. Ina radiation field, the voltage across this capacitor became more

Positive with ionization until a point was reached wherethe electrometercircuit was no longer
nonconducting. The resultant current flow tripped the power amplifier which energized a re-

cycling relay, actuated the recorder, and recharged the chamberto its original voltage. Ap-

proximately Y inch of polyethylene was used to exclude beta rays, such that increments of gamma
ionization dose from 1 mr to 10 r were recorded with respect to time. Dose rate could then be
Obtained from the spacing of increments, and total dose from the numberof increments. This
instrument provided data on the time of arrival, rate of arrival, peak and cessation of fallout,

and decay of the radiation field.

The IC, shown with the side covers removed in Figure 2.5, contained 55 to 60 trays with
Sensitive collecting surfaces 3.2 inch in diameter. The trays were carried to exposure position

by a pair of interconnected gravity-spring-operated vertical elevators. Each tray was exposed
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at the top of the ascending elevator for an equal increment of time, varying from 2 to 15 minutes

for different instruments; after exposure it was pushed horizontally across to the descending

elevator by means of a pneumatic piston. For land-surface shots, grease-coated cellulose ace-

tate disks wereused as collecting surfaces; for water-surface shots these were interspersed

with disks carrying chloride-sensitive films. This instrument also furnished data on the time

of arrival, rate of arrival, peak and cessation of fallout and, in addition, provided samples for
measurements of single-particle properties, particle-size distribution, and radiation charac-

teristics.

The OCC, shown with the top cover removed in Figure 2.6, contained a square aluminum

tray about 2 inches deep and 2.60 square feet in area. Each tray was lined with a thin sheet of

polyethylene to facilitate sample removal and filled with a fiberglass honeycomb insert to im-

prove collection and retention efficiency without hindering subsequent analyses. The collector

was equipped with a sliding lid, to prevent samples from being altered by environmental condi-

tions before or after collection, and designed in such a way that the top of the collecting tray

was raised about Y, inch above the top of the instrument when the lid was opened. Upon recovery,

each tray was sealed with a separate aluminum cover '/ inch thick which was left in place until
the time of laboratory analysis. The samples collected by this instrument were used for chemi-

cal and radiochemical measurementsof total fallout and for determinations of activity deposited

per unit area.

The AOC, was an OCC tray assembly which was continuously exposed from the time of place-

ment until recovery. It was provided as a backup for the OCC, and the samples were intended

to serve the same purposes.

The RA wasa stock instrument (AN/UMQ-5B, RD108/UMQ-5) capable of recording wind
speed and direction as a function of time.

The Mark I and II trigger-control units were central panels designed to control the operation

of the instruments in the major sampling array. The Mark I utilized ship power and provided

for manual control of OCC’s and automatic control of IC’s. The Mark II had its own power and
was completely automatic. A manually operated direct-circuit trigger was used for the ship

installations and a combination of radio, light, pressure and radiation triggers was used on the

barges and Site How.

In addition to the instruments described above, an experimenta) high-volumefilter unit (HVF),

or incremental air sampler, was located on each of the ship platforms. It consisted of eight

heads, each with a separate closure, and a single blower. The heads contained dimethyltere-

phalate (DMT) filters, 3 inches in diameter, and were oriented vertically upward. Air was

drawn through them at the rate of about 10 cubic feet per minute as they were opened sequen-

tially through the control unit. The instrument was designed to obtain gross aerosol samples

under conditions of low concentration and permit the recovery of particles without alteration

resulting from sublimation of the DMT.

Sets af instruments consisting of one incremental and one total-fallout collector belonging to

Project 2.65 and one gamma dose recorder belonging to Project 2.2 were also placed on the ship

platforms and either on or near the barge and Site How platforms. These were provided to make

eventual cress~correlation of data possible.

2.2.2 Minor Sampling Array. The minor array (Figure 2.7) was mounted in two ways. On
- the skiffs, a telescoping mast and the space within the skiff were used for the instruments. On

the rafts and islands, a portable structure served both as a tower and shield against blast and

thermal effects. However, all arrays included the same instruments: one time-of-arrival de-
tector (TOAD), one film-pack dosimeter (ESL), and one always-opentotal collector, Type 2
(AOC,). (

The TOADconsisted of an ionization-chamber radiation trigger and an 8-day chronometric
clock started by the trigger. With this instrument, the time of arrival was determined by sub-
tracting the clock reading from thetotal period elapsed between detonation and the time when
the instrument was read.

The ESL was a standard Evans Signal Laboratory film pack used to estimate the gross gam-
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ma ionization dose.

The AOC, consisted of a 7-inch-diameter funnel, a 4-inch-diameter tube, and a 2-gallon
bottle, all of polyethylene, with a thin layer of fiberglass honeycomb in the mouth of the funnel.

Collected samples were used to determine the activity deposited per unit area.

2.2.3 Special Sampling Facilities. The YAG 40 carried a shielded laboratory (Figure 2.3),

which could commence studies shortly after the arrival of the fallout. This laboratory was in-

dependently served by the special incremental collector (SIC) and an Esterline-Angus recorder

which continuously recorded the radiation field measured by TIR’s located on the king-post plat-

form and main deck.

The SIC consisted of two modified IC’s, located side by side and capable of being operated

independently. Upon completion of whatever sampling period was desired, trays from either

instrument could be lowered directly into the laboratory by means of an enclosed elevator. Both

the trays and their collecting surfaces were identical to those employed in the unmodified IC’s.

The samples were used first for early-time studies, which featured work on single particles

and gamma decay and measurements of energy spectra. Later, the samples were used for de-

tailed physical, chemical, and radiochemical analyses.

Both the YAG 39 and YAG 40 carried water-sampling equipment (Figure 2.3). The YAG 39
was equipped with a penetration probe, a decay tank with probe, a surface-monitoring device,

and surface-sampling equipment. The YAG 40 was similarly equipped except that it had no de-

cay tank with probe.

The penetration probe (SIO-P), which was furnished by Project 2.62a, contained a multiple

GM tube sensing element and a depth gage. It was supported on an outrigger projecting about

25 feet over the side of the ship at the bow and was raised and lowered by a winch operated from

the secondary control room. Its output was automatically recorded on an X-Y recorder located

inthe same room. The instrument was used during and after fallout to obtain successive verti-

cal profiles of apparent miliroentgens per hour versus depth.

The tank containing the decay probe (SIO-D) was located on the main deck of the YAG 39 and

was, in effect, a large always-opentotal collector with a windshield similar to that on the stand-

ard platform secured to its upper edge. It was approximately 6 feet in diameter and 6%, feet

deep. The probe was identical to the SIO-P described above. Except in the case of Shot Zuni,

the sea water with which it was filled afresh before each event, was treated with nitric acid to

retard plating out of the radioactivity and stirred continuously by a rotor located at the bottom

of the tank. :

The surface-monitoring device (NYO-M), which was provided by Project 2.64, contained a

Plastic phosphor and photomultiplier sensing element. The instrument was mountedin a fixed

PoSition at the end af the bow outnigger and its output was recorded automatically on an Esterline-

Angus recorder located in the secondary control room of the ship. During fallout, it was pro-

tected by a polyethylene bag. This was later removed while the device was operating. The

Purpose of the device was to estimate the contribution of surface contamination to the total read-

ing. The instrument was essentially unshielded, exhibiting a nonuniform 4-7 response. It was
intended to measure the changing gamma-radiation field close above the surface of the ocean for

Purposes of correlation with readings of similar instruments carried by the survey aircraft.

The surface-sampling equipment consisted of a 5-gallon polyethylene bucket with a hand line

and a numberof '4-gallon polyethylene bottles. This equipment was used to collect water sam-

Ples after the cessation of fallout.
A supplementary sampling facility was established on Site How near the tower of the major

Sampling array (Figure 2.8). It consisted of twelve AOC,’s without liners or inserts (AOC,-B),
each with an adjacent survey stake, 3 feet high. The trays werefilled with earth and buried in
Such a way that their collecting surfaces were flush with the ground. Every location marked

with a stake was monitored with a hand survey meter at about 1-day intervals for 5 or 6 days

after each event. Samples from the trays were used in assessing the collection bias of the major

Sampling array by providing an absolute value of the numberof fissions deposited per unit area.
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The survey-meter readings were used to establish the gamma-ionization decay above a surface

approximating a uniformly contaminated infinite plane.

2.2.4 Laboratory Facilities. Samples were measured and analyzed in the shielded laboratory

aboard the YAG 40, the field laboratory at Site Elmer and the U.S. Naval Radiological Defense

Laboratory (NRDL). The laboratories in the forward area were equipped primarily for making

early-time measurements of sample radioactivity, all other measurements and analyses being

performed at NRDL. Instruments used in determining the radiation characteristics of samples

are discussed briefly below and shown in Figure 2.9; pertinent details are given in Section A.2,

Appendix A. Other special laboratory equipment used during the course of sample studies con-

sisted of an emission spectrometer, X-ray diffraction apparatus, electron microscope, ion-~

exchange columns, polarograph, flame photometer, and Galvanek-Morrison fluorimeter.

The YAG 40 laboratory was used primarily to make early-gamma and beta-activity measure-

ments of fallout samples from the SIC trays. All trays were counted in an end-window gamma

counter a8 soon as they were removed from the elevator; decay curves obtained from a few of

these served for corrections toa common time. Certain trays were examined under a wide-

field stereomicroscope, and selected particles were sized and removed with a hypodermic needle

thrust through a cork. Other trays were rinsed with acid and the resulting stock solutions used

as correlation and decay samples in the end-window counter, a beta proportional counter, a 4-7

gamma ionization chamber and a gamma well counter. Each particle removed was stored on its

needle in a smali glass vial and counted in the well counter. Occasional particles too active for

this counter were assayed in a special holder in the end-window counter, and a few were dis-

solved and treated as stock solutions. Gamma-ray pulse-height spectra were obtained froma

selection of the described samples using a 20-channel gamma analyzer. Sturdy-energy calibra-

tion and reference-counting standards were prepared at NRDL and used continuously with each

instrument throughout the operation.

The end-window counter (Figure 2.9A) consisted of a scintillation detection unit mounted in

the top portion of a cylindrical lead shield 1%, inch thick, and connected to a preamplifier, am-

plifier and scaler unit (Section A.2). The detection unit contained a 14-inch-diameter~-by-',-

inch-thick Nal(T1) crystal fitted to a photomultiplier tube. A 1/-inch-thick aluminum beta ab-

sorber was located between the crystal and the counting chamber, and a movable-shelf arrange-

ment was utilized to achieve known geometries.

The beta counter (Figure 2.9B) was of the proportional, continuous-flow type consisting of a

gas-filled chamber with an aluminum window mounted in a 1'4-inch-thick cylindrical lead shield

(Section A.2). A mixture of 90-percent argon and 10-percent CO, was used. The detection unit

was mounted in the top part of the shield with a l-inch circular section of the chamber window

exposed toward the sample, and connected through a preamplifier and amplifier to a conventional

scaler. A movable-shelf arrangement similar to the one described for the end-window counter

was used in the counting chamber. Samples were mounted on thin plastic film stretched across

an opening in an aluminum frame.

The 4-7 gamma ionization chamber (GIC) consisted of a large, cylindrical steel chamber with

a plastic-lined steel thimble extending into it from the top (Figure 2.9C). The thimble was sur-

rounded by a tungsten-wire collecting grid which acted as the negative electrode, while the cham-

ber itself served as the positive electrode. This assembly was shielded with approximately 4

inches of lead and connected externally to variable resistors and a vibrating reed electrometer,

which was coupled in turn to a Brown recorder (Section A.2). Measurements were recorded in

millivolts, together with corresponding resistance data from the selection of one of four possible

scales, and reported in milliamperes of ionization current. Samples were placed in lusteroid

tubes and lowered into the thimble for measurement.

The gamma well counter (Figure 2.9D) consisted of a scintillation detection unit witha

hollowed-out crystal, mounted in a cylindrical lead shield iy inches thick, and connected through

a preamplifier to a scaler system (Section A.2). The detection unit contained a 1%-inch-diameter-

by-2-inch-thick Nal(T1) crystal, with a %-inch-diameter-by-1'4-inch well, joined to a phototube.

Samples were lowered into the well through a circular opening in the top of the shield.
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The 20-channel analyzer (Figure 2.9E) consisted of a scintillation detection unit, an amplifi-

cation system and a multichannel pulse-height analyzer of the differential-discriminator type,

using glow transfer tubes and fast registers for data storage. Two basic 10-channel units were

operated together from a common control pane! to make up the 20 channels. Slit amplifiers for

poth units furnished the basic amplitude-recognition function and established an amplitude sensi-

tivity for each channel. The detection unit consisted of a 2-inch-diameter-by-2-inch-thick NalI(T1)

erystal encased in Y, inch of polyethylene and joined to a photomultiplier tube. This unit was

mounted in the top part of a cylindrical lead shield approximately 2 inches thick. A movable-

sbelf arrangement, similar to that described for the end-window counter, was used to achieve

mown geometries in the counting chamber, and a collimating opening Y, inch in diameter in the

base of the shield was used for the more active samples.

The laboratory on Site Elmer was used to gamma-countall IC trays and follow the gamma

tonization and beta decay of selected samples. All of the instruments described for the YAG 40

laboratory were duplicated in a dehumidified room in the compoundat this site, except for the

well counter and 20-channel analyzer, and these were sometimesutilized when the ship was

anchored at Eniwetok. Permanent standards prepared at NRDL were used with each instrument.

Operations such as sample dissolving and aliquoting were performed in a chemical laboratory

trailer located near the counting room. Rough monitoring of OCC and AOC samples was also

accomplished in a nearby facility (Figure 2.9F); this consisted of a wooden transportainer con-

taining a vertically adjustable rack for a survey meter and a fixed lead pad for sample placement.

Laboratoryfacilities at NRDL were used for the gamma-counting of all OCC and AOC samples,

continuing decay and energy-spectra measurements on aliquots of these and other samples, and

all physical, chemical, and radiochemical studies except the single-particle work performed in

the YAG 40 laboratory. Each type of instrumentin the field laboratories, including the monitor-

ing facility on Site Elmer, also existed at NRDL and, in addition, the instruments described be-

low were used. Permanentcalibration standards were utilized in every case, and different kinds

af counters were correlated with the aid of various mononuclide standards, U?™ slow-neutron

fission products, and actual cloud and fallout samples. All counters of a given type were also

normalized to a sensibly uniform response by means of reference standards.

The doghouse counter (Figure 2.9G) was essentially an end-window scintillation counter with

2 Counting chamber large enough to take a complete OCC tray. It consisted of a detection unit

containing a 1-inch-diameter-by-l~inch-thick Nal(T1) crystal and a phototube, which was shielded

with 1/4 inches of lead and mounted over a 7-inch-diameter hole in the roof of the counting cham-
ber. The chamber was composed of a %4-inch-thick plywood shell surrounded by a 2-inch-thick

lead shield with a power-operated vertical sliding door. The detector was connected through a

Preamplifier and amplifier to a special scaler unit designed for high counting rates. Sample

trays were decontaminated and placed in a fixed position on the floor of the chamber. All trays
Were counted with their '4-inch-thick aluminum covers in place. This instrument was used for
basic gamma measurements of cloud samples and OCC, AOC,, and AOC,-B trays.

The dip counter (Figure 2.9H) consisted of a scintillation-detection unit mounted on a long,

metal pipe inserted through a hole in the roof of the doghouse counter and connected to the same

amplifier and scaler system. The detection unit consisted of a 1'4,-inch-diameter-by-',-inch-

thick Nal(T1) crystal, a photomultiplier tube, and a preamplifier sealed in an aluminum case.
This probe was positioned for counting by lowering it to a fixed level, where it was suspended

by means of a flange on the pipe. A new polyethylene bag was used to protect the probe from

contamination during each measurement. The sample solution was placed in a polyethylene con-

fainer that could be raised and loweréd on an adjustable platform to achieve a constant probe

pth. A magnetic stirrer was utilized to keep the solution thoroughly mixed, and all measure-
ments were made with a constant sample volume of 2,000 ml. The instrument was used for
famma measurements of all AOC, and water samples, as weil as aliquots of OCC samples of
Inown fission content.
_The Single-channel analyzer (Figure 2.91) consisted of a scintillation-detection unit, an am-

ification System, a pulse-height analyzer, and an X-Y plotter. After amplification, pulses
Om the detection unit were fed into the pulse-height analyzer. The base line of the analyzer
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was swept slowly across the pulse spectrum and the output simultaneously fed into a count-rate

meter. Count rate was recorded on the Y-axis of the plotter, and the analyzer base-line posi-

tion on the X-axis, giving a record reducible to gammaintensity versus energy. The detection

unit consisted of a 4-inch-diameter-by-4-inch-thick Nal(T1) crystal, optically coupled to a
photomultiplier tube and housed in a lead shield 2, inch thick on the sides and bottom. A 6-

inch-thick lead plug witha 4-inch-diameter collimating opening was located on top, with the

collimator directed toward the center of the crystal. The sample was placed in a glass vial

and suspended in a fixed position a short distance above the collimator. All quantitative gamma-

energy-spectra measurements of cloud and fallout samples were made with this instrument.

Relative spectral data was also obtained at later times with a single-channel analyzer. This

instrument utilized a detection unit with a 3-inch-diameter-by-3-inch-thick uncollimated Nal(T1)

crystal. Reproducible geometries were neither required nor obtained; energy calibration was

accomplished with convenient known standards.

2.3. STATION LOCATIONS

2.3.1 Barges, Rafts, Islands, and Skiffs. The approximate locations of all project stations

in the atoll area are shown for each shot in Figure 2.10; more exact locations are tabulated in

Table 2.3. The Rafts 1, 2, and 3, the island stations on Sites George and How, and the Skiffs

DD, EE, KK, LL, and TT remained in the same locations during the entire operation. Other

Stations changed position at least once and sometimes for each shot. These changes are indi-

cated on the map by the letters for the shots during which the given position applies; the table,

however, gives the exact locations. All stations were secured and protected from fallout during

Shot Dakota in which this project did not participate.

The choice of locations for the barges was conditioned by the availability of cleared anchoring

sites, the necessity of avoiding serious blast damage, and the fact that the YFNB 29 carried two

major sampling arrays while the YFNB 13 carried only one. Within these limitations they were

arranged to sample the heaviest fallout predicted for the lagoon area and yet guard against late

changes in wind direction. In general, the YFNB 29 was located near Site How for all shots ex-

cept Tewa, when it was anchored off Site Bravo. The YFNB 13 was located near Site Charlie

for all shots except Cherokee and Tewa, when it was positioned near Site How. Because both

barges were observedto oscillate slowly almost completely around their points of anchorage,

an uncertainty of +200 yards must be associated with the locations given in Table 2.3.

The raft positions were chosen for much the same reasons as for the barge positions, but

also to improve the spacing of data points in the lagoon. An uncertainty of +150 yards should

be associated with these anchorage coordinates.

The island stations, except for Site How, were selected on the basis of predicted heavy fall-

out. It was for this reason that the minor sampling array (M) located at Site William for Shots

Cherokee, Zuni, and Flathead was moved to Site Charlie for Shots Navajo and Tewa. Site How

was selected to be in a region of moderate fallout so that survey and recovery teams could enter

at early times. A detailed layout of the installation on Site How is shown in Figure 2.8.

Because the skiffs were deep anchored and could not be easily moved (Reference 15), their

locations were originally selected to provide roughly uniform coverage of the most probable

fallout sector. With the exception of Stations WW, XX, and YY—assembled from components

recovered from other stations and placed late in the operation—their positions were not delib-

erately changed. Instead, the different locations shown in Figure 2.10 reflect the fact that the

skiffs sometimes moved their anchorages and sometimes broke loose entirely and were tempo-

rarily lost. Loran fixes were taken during arming and recovery, before and after each shot.

The locations given in Table 2.3 were derived from the fixes and represent the best estimate of

the positions of the skiffs during fallout, for an average deviation of + 1,000 yards in each coor-

dinate.

 

2.3.2 Ships. The approximate locations of the three project ships at the times when they ex-

perienced peak ionization rates during each shot are presented in Figure 2.11. Table 2.4 gives
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these locations more precisely and also lists a numberof other successive positions occupied

by each ship between the times of arrival and cessation of fallout.
From the tabulated data, the approximate courses of the ships during their sampling intervals

may be reconstructed. The given coordinates represent Loran fixes, however, and cannot be

considered accurate to better than +500 yards. Further, the ships did not always proceed from

one point to another with constant velocity, and an uncertainty of +1,000 yards should be applied

to any intermediate position calculated by assuming uniform motion ina straight line between

points.

The ships were directed to the initial positions listed in Table 2.4 by messages from the Pro-

gram 2 Control Center (see Section 2.4.1); but once fallout began to arrive, each ship performed

a fixed maneuver which led to the remaining positions. This maneuver, which for Shots Chero-

kee and Zuni consisted of moving into the surface wind at the minimum speed (< 3 knots) neces-

sary to maintain headway, was a compromise between several requirements: the desirability

of remaining in the same location with respect to the surface of the earth during the fallout-

collection period, and yet avoiding nonuniform sampling conditions; the importance of preventing

sample contamination by washdown water—particularly on the forward part of the YAG 40 where

the SIC was located; and the necessity of keeping the oceanographic probe (SIO-P) away from the

ship. It was found, however, that the ships tended to depart too far from their initial locations

when surface winds were light; and this maneuver was modified for the remaining shots to include

a figure eight with its long axis (<2 nautical miles) normal to the wind, should a distance of 10

nautical miles be exceeded.

The YAG 40 and LST 611 ordinarily left their sampling sites soon after the cessation of fall-

out and returned to Eniwetok by the shortest route. The YAG 39, on the other hand, after being

relieved long enough to unload samples at Bikini to the vessel, Horizon (Scripps Institution of

Oceanography), remained in position for an additional day to conduct water-~sampling operations

before returning to Eniwetok.

2.4 OPERATIONS

2.4.1 Logistic. Overall project operations were divided into several parts with one or more:

teams and a separate director assigned to each. Both between shots and during the critical D—3

to D+3 period, the teams functioned as the basic organizational units. In general, instrument

maintenance was accomplished during the interim periods, instrument arming between D—3 and

D-1, and sample recovery and processing from D-day to D+ 3.

Control-center operations took place in the Program 2 Control Center aboard the command
Ship, USS Estes. This team, which consisted of three persons headed by the project officer,

constructed probable fallout patterns based on meteorological information obtained from Task

Force 7 and made successive corrections to the patterns as later information became available.

The team also directed the movements of the project ships and performed the calculations re-

quired to reduce and interpret early data communicated from them. .

Ship operations featured the use of the YAG 40, YAG 39, and LST 611 as sampling stations.

These ships were positioned in the predicted fallout zone before the arrival of fallout and re-

Mained there until after its cessation. Each ship was manned by a minimum crew and carried

One project team of three or four members who readied the major array instruments, operated

them during fallout, and recovered and packed the collected samples for unloading at the sample~

distribution center on Site Elmer. Water sampling, however, was accomplished by separate two-

man teams aboard the YAG’s, and early-sample measurements were performed by a team of six

Persons in the YAG 40 laboratory. ;

Bikini operations included the maintenance, arming, and recovery of samples from all proj-

ect stations in the atoll area. Because every station had to operate automatically during fallout

and samples had to be recovered at relatively early times, three teams of four or five men each

Were required. The barge team was responsible for the major sampling arrays on the YFNB 13,

YFNB 29, and Site How, as well as for the special sampling facility located on the latter. The

raft team was responsible for the minor sampling arrays on the rafts and atoll islands, and the
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skiff team for those on the skiffs, all of which were anchored outside of the lagoon. The samples

collected by these teams were returned to the sample-recovery center on Site Nan and processed

there for shipment to the sample-distribution center on Site Elmer.

Laboratory operations were conducted on the YAG 40 and on Site Elmer. One six-man team

worked onthe YAG 40 during fallout, making the measurements of the SIC tray samples described

in Section 2.2.3, while a second three-man team remained on Site Elmer to make the measure-

ments of the IC trays as soon as they arrived. Decay measurementsand other studies begun on

the ship were sometimes continued by the same persons on Site Elmer and later at NRDL.

Eniwetok operations consisted of the administrative activities of the project headquarters

office located there, and the sample-processing activities of the sample-distribution center.

All samples collected by ship, laboratory, and Bikini operations were recorded, decontaminated,

monitored, packed, and placed on one of two early flights to NRDL by the four-man team assigned

to this center.

Thus, all samples were collected either aboard the project ships or by one of the Bikini sta-

tions; all, however, were routed through the sample-distribution center on Site Elmer before

being shipped to NRDL. Charts removed from recorders and recordsof field-instrument read-

ings were also processed through the center. Only SIC and IC trays were used for field-

laboratory measurements, all others being counted and analyzed at NRDL.

2.4.2 Technical. Fallout information was required in three broad categories: buildup char-

acteristics, including all time-dependent data associated with fallout arrival; physical, chemical,

and radiochemical characteristics, including both single particles and total samples; and radio-

nuclide composition and radiation characteristics, including fractionation and gammaionization

decay. The operational procedures discussed in the preceding paragraphs, as well as the in-

strumentation described in Section 2.2, were designed around these requirements.

The rate of fallout arrival and most other buildup characteristics were determined from TIR

records and measurements of IC and SIC trays. Consequently, this information was obtained at

all major-sampling-array locations and several additional places aboard the project ships. Time

of arrival, however, was determined at all stations; wherever major arrays were located, it was

derived from the TIR’s and IC’s, while the TOAD’s supplied it for the minor arrays. The way

in which particle-size distributions changed with time was determined by sizing and counting IC

tray collections, and mass-arrival rates were calculated from the same data. Ocean-penetration

rates were derived from the probe (SIO-P) measurements made on the YAG 39 and YAG 40.

Periodic TIR readings from the ships and selected SIC tray data were also reported to the con-

trol center during each shot and used for preliminary fallout analyses.

The majority of single-particle studies were performed on particles collected by the SIC on

the YAG 40, although particles from IC and OCC trays, as well as two unscheduled samples

from the YFNB 29, were also used. The sizes and gammaactivities of all particles were meas-

ured, diameter being defined and used as an index of size for solid particles and NaCl content

for slurry particles. Solid particles were also classified as to type and used for a numberof

special studies, including decay and gamma-energy-spectra measurements and radiochemical

analyses.

The total“amount of fallout, and all other properties requiring a total collection, were deter-

mined from OCC and AOC samples. Asindicated in Section 2.2.4, all OCC and AOC, trays, as

well as all AOC, bottles after the material in the funnel and tube had been washed into them with

a dilute acid, were shipped directly to NRDL and gamma-counted. Following this, OCC tray

samples from each station were removed and analyzed for their chemical and radiochemical

compositions, so that the surface densities of various fallout components and the total amount

of activity deposited per unit area could be calculated.

Aliquots were withdrawn from the OCC-sample solutions at NRDL and measuredin the 4-7

ionization chamber along with aliquots of AOC, and sea-water samples in order to relate the

different kinds of gamma measurements. Other aliquots and undissolved fractions of the origi-

nal sample were used for gamma spectra and beta- and gamma-decay measurements, with gam-

ma decay being followed both on crystal counters and in the 4-7 ionization chamber. Samples
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collected on selected trays from the SIC were also dissolved in the YAG 40 laboratory and ali-

quots of the resulting solution used for similar purposes. Information obtained in these ways,

when combined with radiochemical results, provided a basis for establishing an average radio-

nuclide composition from which air-ionization rates could be calculated.

Measurement of the actual air-ionization rate above a simulated infinite plane was made on

Site How. In addition to the record obtained by the TIR, periodic ionization-rate readings were

made with a hand survey meter held 3 feet above the ground at each of the buried-tray (AOC,-B)

locations. The numberof fissions collected in these trays served both to calibrate the collec-

tions made by the major array on the tower and to establish experimental values of the ratio of

roentgens per hour to fissions per square foot. Fission concentrations in a number of surface-

water samples collected from the YAG 39 and YAG 40 were also determined for use in conjunc-

tion with the average depth of penetration, to arrive at an independent estimate of the total

amount of fallout deposited at these locations.

It was intended to calibrate one of the oceanographic probes (SIO-D) directly by recording its

responseto the total fallout deposited in the tank aboard the YAG 39, and subsequently measur-

ing the activities of water samples from the tank. Because it malfunctioned, the probe could

not be calibrated in this way, but the samples were taken and fission concentrations estimated

for each shot. Records were also obtained from the surface-monitoring devices (NYO-M) on the

YAG 39 and YAG 40. These records could not be reduced to ocean-survey readings, however,

because the instruments tended to accumulate surface contamination and lacked directional

shielding.
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TABLE 2.2 STATION INSTRUMENTATION

P-TIR, gammatime-intensity recorder on standard platform; D-TIR, gamma time-intensity recorder on deck; IC, incremental collector;

SIC, special incremental collector; OCC, open-close total collector; AOC,, always~open total collector, Type 1; AOC,, always-open total

collector, Type 2; AOC;-B, buried earth-filled total collactor; TOAD, time of arrival detector; ESL, film-pack dosimeter; HVF, high-

volume filter unit; RA, recording anemometer; SIO-P, Scripps Institution of Oceanography penetration probe; SIO-D, Scripps Institution

af Oceanography decay tank probe; and NYO-M, New York Operations Office AEC monitor. Numerals indicate number of instruments.
Additional

besiguation Major Sampling Array Array ete Speciai Facility lastruments

of _—_ Instruments
P-TIR IC OCC AOC, RA D-TIR HVF TOAD ESE AOC, SIC SIO-P SIO-D NYO-M AOC,-B

Bip YAG 40 1 1 1
YAG 40-A 1
YAG 40-B 1 1 4 2 1 1 1
YAG 39 1 1 1 1
YAG 39-C 1 3 4 2 1 1 1
LST 611 3
LST 611-D

YFNB 13-E
How Land-F
YFNB 29-G
YFNB 29-8
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TABLE 2.3. STATION LOCATIONS IN THE ATOLL AREA

 

 

 

Shot Cherokee Shot Zuni Shot Flathead Shot Navajo Shot Tewa

Station North Latitude North Latitude North Letitude North Latitude North Latitude

and and and and and
East Longitude East Longitude East Longitude East Longitude East Longitude

deg min deg min deg min deg min deg min

YFNB 13 {E} 11 35.3 il 40.0 il 40.0 11 39.1 11 37.5

165 31.2 165 17.2 165 17.2 165 16.2 168 27.0

YFNB 29 (G,H) il 37.5 11 37.5 ll 37.5 11 36.2 11 37.4

165 27.0 165 27.0 165 27.0 165 29.8 165 14.2

How Island (F)* 148,320 N 148,320 N 148,320 N 148,320 N 148,320 N

167,360 E 167,360 E 167,360 E 167,360 E 167,360 E

How Island (K) * 148,450 N 148,450 N 148,450 N 148,450 N 148,450 N

167,210 E 167,210 E 167,210 E 167,210 E i67,210 E

George Island (L)* 168,520 N 168,530 N 168,530 N 168,530 N 168,530 N

131,250 E 131,250 E 131,250 E 131,250 E 131,250 E

William Island (M) * 109,030 N 109,030 N 109,030 N —_ _

079,540 E 079,540 E 079,540 E _— _

Charlie Island (M)* —_ _ _ 172,150 N 172,150 N

_ _ _~ 081,150 E 081,150 E

Raft-1 (P) 11 35.1 il 35.2 22 35.2 12 35.1 11 35.1

165 27.6 165 27.6 165 27.6 165 27.6 165 27.6

Raft-2 (R) 11 34.6 12 34.6 11 34.6 11 34.6 11 34.6

165 22.2 165 22.2 165 22.2 165 22.2 165 22.2

Raft-3 (S) il 35.4 11 38.4 1 35.4 11 35.4 11 35.4

165 17.2 165 17.2 165 17.2 165 17.2 165 17.2

Skiff-AA 12 06.1 12 06.1 12 06.1 12 05.4 12 05.4

164 47.0 164 47.0 164 47.0 164 44.9 164 44.9

Skiff-BB 12 11.6 12 11.6 12 11.6 12 12.5 12 11.5

165 10.0 165 10.0 165 10.0 165 07.5 165 07.5

Skiff-CC 12 11.3 12 11.3 12 10.7 12 11.8 12 11.8

165 23.0 165 23.0 165 17.6 165 20.9 165 20.9

Skiff-DD 12 11.5 i2 11.5 12 11.5 12 11.5 12 11.5

165 40.0 165 40.0 165 40.0 165 40.0 165 40.0

Skiff-EE 12 11.3 12 11.3 12 11.3 12 11.3 12 11.3

165 57.3 165 $7.3 165 57.3 165 57.3 168 57.3

Skiff-FF 12 02.4 12 02.4 12 03.5 12 02.4 12 02.4

166 15.5 166 15.5 166 14.2 166 15.5 166 15.5

Skiff-GG 11 $7.8 11 57.8 lt 57.6 _ — 12 01.1

165 13.8 168 13.8 168 13.8 _ —_ 165 10.2

Skiff-HH 12 01.3 12 01.3 12 02.6 12 02.0 12 02.0

165 22.9 165 22.9 165 21.6 165 21.6 165 21.6

Skiff-KK 12 02.0 12 02.0 12 02.0 12 02.0 12 02.0

165 40.0 165 40.0 165 40.0 165 40.0 165 40.0

Skiff-LL 12 02.0 12 02.0 12 02.0 12 02.0 12 02.9

165 58.0 165 58.0 165 $8.0 165 58.0 165 58.0

Skiff-MM 11 $2.8 ll 52.8 li 52.8 11 §2.7 Mi 52.7

164 $8.4 164 58.4 164 $8.4 164 56.0 164 56.0

Skiff-PP 11 §2.0 —_ _ i 50.5 il 52.0 ii §2.0

165 22.8 _ _ 165 23.9 165 22.8 165 22.8

Skiff-RR il §1.0 11 51.0 it 53.3 11 $2.3 11 $2.3

165 40.0 165 40.0 168 35.2 165 33.7 165 39.7

Skiff-SS 11 $0.0 ll 50.0 ii 51.1 _ _ _ _

165 58.0 165 58.0 165 58.0 _ _ _ _

Skiff-TT ll 50.8 ll 50.8 11 50.8 11 50.8 11 50.8

166 15.0 166 15.0 166 15.0 166 15.0 166 15.0

Skiff-UU 11 42.5 11 42.5 ll 42.5 _ _ _ _

165 47.5 165 47.5 165 47.8 _ _ _ —_

Skiff-VV 11 21.7 11 21.7 _ _ _ _ — . _

- 165 19.5 165 19.8 —_ —_— _ _ _ _

Skiff-wWwW _— — _ — _ ~ — _ 11 43.2
_ _ _ _ —_ _ _ _ 165 11.5

Skiff-XxX _ _ _ _ _— —_ _ _ 11 41.2

—_ —_ _ —_ — =_ —_ _ 164 55.1

Skidf-YY _ _ _ —_ —_ _ _ _ il 54.0

_— —_ _— —_— — —_ _ _ 164 36.4

 

* Holmes and Narver coordinates.
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Figure 2.1 Aerial view of major sampling array.
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Chapter 3

RESULTS

3.1 DATA PRESENTATION

The data has been reduced and appears in comprehensive tables (Appendix B) that summarize

certain kinds of information for all shots and stations. The text itself contains only derived re-

sults.

In general, the details of calculations, such as those involved in reducing gross gamma spec-

tra to absolute photon intensities or in arriving at R-values, have not been included. Instead,

original data and final results are given, together with explanations of how the latter were ob-

tained and with references to reports containing detailed calculations.

Results for the water-surface Shots Flathead and Navajo, and the land-surface and near-land-

surface Shots Zuni and Tewa, are presented in four categories: fallout-buildup characteristics

(Section 3.2); physical, chemical, and radiochemical characteristics of the contaminated mate-

rial (Section 3.3); its radionuclide composition and radiation characteristics (Section 3.4); and

correlations of results (Section 4.3). Appendix B contains all reduced data for these shots sep-

arated into three types: that pertaining to the buildup phase (Section B.1); information on phy-

sical, chemical, and radiological properties (Section B.2); and data used for correlation studies

(Section B.3).

Measurements and results for Shot Cherokee, an air burst during which verylittle fallout

occurred, are summarized in Section 4.1.

Unreduced data are presented in Section B.4.

Each of the composite plots of TIR readings and IC tray activities presented in the section on

buildup characteristics may be thought of as constituting a general description of the surface

radiological event which occurred at that station. In this sense the information needed to com-.

plete the picture is provided by the remainder of the section on particle-size variation with time

and mass-arrival rate, as well as by the following sections on the activity deposited per unit

area, the particulate properties of the contaminated material, its chemical and radiochemical

composition, and the nature of its beta- and gamma-ray emissions. Penetration rates and ac-

tivity profiles in the ocean extend the description to subsurface conditions at the YAG locations.

The radiological event that took place at any major station may be reconstructed in as much

detail as desired by using Figures 3.1 through 3.4 as a guide and referring to the samples from

that station for the results of interest. Each sample is identified by station, collector, and shot

in all tables and figures of results, and the alphabetical and numerical designations assigned to

all major array collectors are summarized in Figure A.1.

Throughout the treatment which follows, emphasis has been placed on the use of quantities

such as fissions per gram and R®”? values, whose variations show fundamental differences in

fallout properties. In addition, radiation characteristics have been expressed in termsof unit

fissions wherever possible. Asa result, bias effects are separated, certain conclusions are

made evident, and a numberof correlations become possible. Some of the latter are presented

in Sections 3.3, 3.4, and 4.3.

3.2 BUILDUP CHARACTERISTICS

3.2.1 Rate of Arrival. Reduced and corrected records of the ionization rates measured by

one TIR and the sample activities determined from one IC at each major array station are plot-

ted against time since detonation (TSD) in Figures 3.1 through 3.4 for Shots Flathead, Navajo,
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Zuni, and Tewa. Numerical values are tabulated in Tables B.1 and B.2. Because the records

of the TIR’s and the deck (D-TIR) are plotted for the YAG’s, the measurements made by the

TIR’s in the standard platform (P-TIR) have been included in Appendix B. The records of the

IC’s with shorter collection intervals have been omitted, because they show only the greater

variability in the fine structure of the other curves and do not cover the entire fallout period.

TIR readings have been adjusted in accordance with the calibration factors applying to the

four ionization chambers present in each instrument, and corrected to account for saturation

loss over all ranges. (The adjustments were made in accordance with a private communication

from H. Rinnert, NRDL, and based upon Co® gammaraysincident on an unobstructed chamber,

normal to its axis.) Recorder speeds have also been checked and the time applying to each

reading verified. In those cases where saturation occurred in the highest range, readings have

been estimated on the basis of the best information available and the curves dotted in on the

figures.

Et is pointed out that these curves give only approximate air-ionization rates. Because of

the varying energy-response characteristics of each ionization chamber, and internal shielding

effects resulting from the construction of the instrument, TIR response was nonuniform with

respect both to photon energy and direction, as indicated in Figures A.2 through A.4. The over-

all estimated effect was to give readings as much as 20 percent lower than would have been re-

corded by an ideal instrument. (Measurements were made on the YAG 39 and YAG 40 during

all four shots with a Cutie Pie or T1B hand survey meter held on top of an operating TIR. The

TIR’s indicated, on the average, 0.85 +25 percent of the survey meter readings, which them-

selves indicate only about 75 percent of the true dose rate 3 feet above a uniformly distributed

plane source (Reference 17). Total doses calculated from TIR curves and measured by film-

pack dosimeters (ESL) at the same locations are compared in Section 4.3.5.)

Detailed corrections are virtually impossible to perform, requiring source strength and

Spectral composition as functions of direction and time, corr-dined with the energy-directional

Tesponse characteristics of each chamber. It is also pointed out that these sources of error

are inherent to some degree in every real detector and are commonly given no consideration

whatsoever. Even with an ideal instrument, the measured dose rates could not be compared

with theoretical land-equivalent dose rates becauseof irregularities in the distribution of the

Source material and shielding effects associated with surface conditions. However, a qualitative

Study of the performance characteristics of ship, barge, and island TIR’s indicated that all per-
formed in a manner similar for the average numbersof fissions deposited and identical radio-

nuclide compositions.

The exposure interval associated with each IC tray has been carefully checked. In those

Cases where the time required to countall of the trays from a single instrument was unduly long,
activities have been expressed at a common time of H+12 hours. Background and coincidence
loss corrections have also been made.

The time interval during which each tray was exposed is of particular importance, not only
ause its midpoint fixes the mean time of collection, but also becauseall tray activities in

Counts per minute (counts/min) have been normalized by dividing by this interval, yielding counts
Pet minute per minute of exposure (counts/min?). Such a procedure was necessary, because
Collectiointervals of. several different lengths were used. The resulting quantity is an activity-

arrival rate, and each figure shows how this quantity varied over the successive collection inter-
vals at the reference time, or time when the trays were counted. If it can be established that

mass is Proportional to activity, these same curves can be used to study mass-arrival rate with
time (Section 3.2.3, Shots Flathead and Navajo); if, on the other hand, the relationship of mass

activity is unknown, they may be used for comparison with curves of mass-arrival rate con-
Structed by some other means (Section 3.2.3, Shots Zuni and Tewa).

Thus, while each point on a TIR curve expresses the approximate gammaionization rate pro-
Ced at that time by all sources of activity, the corresponding time point on the IC curve gives

decay-corrected relative rate at which activity was arriving. Both complementary kinds of
ormation are needed for an accurate description of the radiological event that took place ata

ore Station and are plotted together for this reason—not because they are comparable in any
er way.
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The activities of the IC trays have not been adjusted for sampling bias, although some un-

doubtedly exists, primarily because its quantitative effects are unknown. Relative rates may

still be derived if it is assumed that all trays are biased alike, which appears reasonable for

those cases in which wind speed and direction were nearly constant during the sampling period

(Section 4.3.2). More extensive analysis would be required to eliminate uncertainties in the re-

maining cases.

It should also be mentioned that IC trays with alternating greased-disk and reagent-film col-

lecting surfaces were intentionally used in all of the collectors for Shots Flathead and Navajo

— with no detectable difference in efficiency for the resulting fallout drops—and of necessity

for Shot Tewa. The late move of Shot Tewa to shallow water produced essentially solid particle

fallout, for which the efficiency of the reagent film as a collector was markedly low. Thus, only

the greased-disk results have been plotted for the YAG 40 in Figure 3.4, although it was neces-

sary to plot both types for some of the other stations. Trays containing reagent-film disks, all

of which were assigned numbers between 2994 and 3933, may be distinguished by reference to

Table B.2. A few trays, designated by the prefix P, also contained polyethylene disks to facil-

itate sample recovery.

3.2.2 Times of Arrival, Peak Activity, and Cessation. The times at which fallout first ar-

rived, reached its peak, and ceased at each major array station are summarized for all shots

in Table 3.1. Peak ionization rates are also listed for convenient reference. Time of arrival

detector (TOAD) results, covering all minor array stations and providing additional values for

the major stations in the atoll area, are tabulated in Table 3.2.

The values given in Table 3.1 were derived from Figures 3.1 through 3.4, and the associated

numerical values in Tables B.1 and B.2, by establishing certain criteria which could be applied

throughout. These are stated in the table heading; while not the only ones possible, they were

felt to be the most reasonable in view of the available data.

Arrival times (tg) were determined by inspection of both TIR and IC records, the resulting

values being commensurate with both. Because the arrival characteristics varied, arrival

could not be defined in some simple way, such as “1 mr/hr above background.” Thefinal val-

ues, therefore, were chosen as sensible-arrival times, treating each case individually. It

should be mentioned that, within the resolving power of the instruments used, no time differ-

ence existed between the onset of material collections on the IC trays and the toe of the TIR

buildup curve. The IC’s on the ships were manually operated and generally were not triggered

until the arrival of fallout was indicated by the TIR or a survey meter, thus precluding any ar-

riva] determination by IC; those at the unmanned stations, however, triggered automatically at

shot time, or shortly thereafter, and could be used. The SIC on the YAG 40 also provided usa-

ble data, ordinarily yielding an earlier arrival time than IC B-7 on the same ship. In order to

conserve trays, however, the number exposed before fallout arrival was kept small, resulting

in a larger time uncertainty within the exposure interval of the first active tray.

Once defined, times of peak activity (tp) could be taken directly from the TIR curves. Be-

cause peaks were sometimes broad andflat, however, it was felt to be desirable to show also

the time interval during which the ionization rate was within 10 percent of the peak value. Ex-

amination of these data indicated that tp ~2ta ; this point is discussed and additional data are

presented in Reference 18.

Cessation time (t,) is even more difficult to define than arrival time. In almost every case,

for example, fallout was still being deposited at a very low rate on the YAG 40 whenthe ship

departed station. Nevertheless, an extrapolated cessation time which was too late would give

an erroneous impression, because 90 or 95 percentof the fallout was down hours earlier. For

this reason, IC-tray activities measured at a common time were cumulated and the time at

which 95 percent of the fallout had been deposited read off. A typical curve rises abruptly,

rounds over, and approaches the total amount of fallout asymptotically. Extrapolated cessation

times were estimated primarily from the direct IC plots (Figures 3.1 through 3.4), supplemented

by the cumulative plots, and the TIR records replotted on log-log paper. It must be emphasized
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that the cessation times reported are closely related to the sensitivity of the measuring systems

used and the fallout levels observed.
Alt values for time of arrival given in Table 3.2 were determined from TOAD measurements.

They were obtained by subtracting the time interval measured by the instrumentclock, which

started when fallout arrived, from the total period elapsed between detonation and the time when

the instrument was read.

Because the TOAD’s were developed for use by the project and could not be proof-tested in

advance, certain operational problems were encountered in their use; these are reflected by

Footnotes §, f and jf in Table 3.2. Only Footnote f indicates that no information was obtained

by the units; however, Footnotes § and f are used to qualify questionable values. Because the

TOAD’s from the barge and island major stations were used elsewhere after Shot Flathead, Foot-

note * primarily expresses the operational difficulties involved in servicing the skiffs and keep-

ing them in place.

The fact that a station operated properly and yet detected no fallout is indicated in both tables

‘by Footnote {. In the case of the major stations, this means that the TIR record showed no

measurable increase and all of the IC trays counted at the normal background rate. For the

minor stations, however, it means that the rate of arrival never exceeded 20 mr/hr per half

hour, because the radiation trigger contained in the TOAD wasset for this value.

3.2.3 Mass-Arrival Rate. A measure of the rate at which mass was deposited at each of

the major stations during Shots Zuni and Tewais plotted in Figure 3.5 from data contained in

Table B.4; additional data are contained in Table B.6. Corresponding mass-arrival rates for

Shots Flathead and Navajo may be obtained, where available, by multiplying each of the IC-tray

activities (count/min’) in Figures 3.1 and 3.2 by the factor, micrograms per square feet per

hour per counts per minute per minute, [yg/(ft?-hr-count/min’)]. For the YAG 40, YAG 339,
and LST 611, the factor is 0.0524 for Shot Flathead and 0.7°1 for Shot Navajo. For the YFNB

29, the factor is 0.343 for Shot Flathead. For the YFNB 13 and How-F, the factor is 3.69 for

Shot Navajo.

The former values of mass-arrival rate, microgramsper square foot per hour [yg/(ft?/hr) ],
were calculated from the particle-size distribution studies in Reference 19, discussed in more

detail in Section 3.2.4. The number of solid particles in each size increment deposited per

Square foot per hour was converted to mass by assuming the particles to be spheres with a den-

Sity of 2.36 gm/cm*. Despite the fact that a few slurry particles might have been present (Sec-

tion 3.3.1), these values were then summed, over all size increments, to obtain the total mass-

arrival rate for each tray, or a3 a function of time since detonation (TSD). These results may

Rot be typical for the geographic locations from which the samples were taken, because of col-
lector bias (Section 4.3.2).

Because this result will be affected by any discrepancy between the numberofparticles of

4 certain size, which would have passed through an equal area in free space had the tray not

been Present, and the number ultimately collected by the tray and counted, both sampling bias

(Section 4.3.2) and counting error (Section 3.2.4) are reflected in the curves of Figure 3.5. For

this reason they, like the curves of Section 3.2.1, are intended to provide only relative-rate in-

formation and should not be integrated to obtain total-mass values, even over the limited periods

When it would be possible to do so. The total amount of mass (mg/ft?) deposited at each major

station, determined from chemical analysis of OCC collections, is given in Table 3.16.

The constants to be used for the water-surface shots follow from the slurry-particle sodium

Chloride analyses in Reference 31 and were derived on the basis of experimentally determined

Values relating well-counter gamma activity to sodium chloride weight in the deposited fallout.

These values and the methods by which they were obtained are presented in Section 3.3.2. The

factors were calculated from the ratio of counts per minute per minute (count/min’) for the IC-

-fray area to counts per minute per gram [(counts/min)/gm] of NaCl from Table 3.12. The grams
of NaCl were convertedto grams of fallout, with water included, in the ratio of 1/2.2; and the

&4amma well counts from the table were expressed as end-window gamma counts by use of the

Tatio 1/62. An average value of specific activity for each shot was used for the ship stations,

45



while a value more nearly applicable for material deposited from 1 to 3 hours after detonation

was used for the barge and island stations.

It is to be noted that the insoluble solids of the slurry particles (Section 3.3.2) were not in-

cluded in the conversion of grams of NaCl to gramsof fallout. Even though highly active, they

constituted less than 2 to 4 percent of the total mass and were neglected in view of measurement

errors up to +5 percent for sodium chloride, +15 percent for specific activity, and +25 percent

for water content.

3.2.4 Particle-Size Variation. The way in which the distribution of solid-particle sizes

_ varied over the fallout buildup period at each of the major stations during Shots Zuni and Tewa

is shown in Figures 3.6 through 3.9. The data from which the plots were derived are tabuiated

in Table B.3, and similar data for a numberof intermediate collection intervals are listed in

Table B.5. AL of the slurry particles collected over a single time interval at a particular lo-

cation during Shots Flathead and Navajo tended to fall in one narrow size range; representative

values are included in Table 3.12.

The information contained in Tables B.3 through B.6 and plottec in the figures represents

the results of studies described in detail in Reference 19. All IC trays were inserted in a fixed

setup employing an 8-by-10-inch-view camera and photographed with a magnification of 2., soon

after being returned to NRDL. Backlighting and low-contrast film were used to achieve maxi-

mum particle visibility. A transparent grid of 16 equal rectangular areas was then superim-

posed on the negative and each area, enlarged five times, printed on 8-by-10-inch paper ata

combined linear magnification of 10.

Since time-consuming manual methods had to be used in sizing and counting the photographed

particles, three things were done to keep the total number as small as possible, consistent with

good statistical practice and the degree of definition required. (1) The total numberof trays

available from each collector was reduced by selecting a representative number spaced at more

or less equal intervals over the fallout-buildup period. Reference was made to the TIR and IC

curves (Figures 3.1 to 3.4) during the selection process, and additional trays were included in

time intervals where sharp changes were indicated. (2) Instead of counting the particles in all

areas of heavily loaded trays, a diagonal line was drawn from the most dense to the least dense

edge and only those areas Selected which were intersected by the line. (3) No particles smaller

than 50 microns in diameter were counted, this being arbitrarily established as the size defin-

ing the lower limit of significant local fallout. (The lower limit was determined from a fallout

model, using particle size as a basic input parameter (Section 4.3.1). Particles down to ~ 20

microns in diameter will be present, although the majority of particles between 20 and 50 mi-

crons will be deposited at greater distances than those considered.)

Actual sizing and counting of the particles on the selected ten times enlargements was ac-

complished by the use of a series of gages consisting of four sets of black circular spots of the

same magnification, graduated in equal-diameter increments of 5, 10, 30, and 100 microns.

These were printed on a sheet of clear plastic so that the largest spot which could be completely

inscribed in a given particle area could be determined by superimposition. Thus, all of the par-

ticle sizes listed refer to the diameter of the maximum circle which could be inscribed in the

projected area of the particle. A preliminary test established that more-consistent results could

be achieved using this parameter than the projected diameter, or diameter of the circle equal to

the projected area of the particle.

A number of problems arose in connection with the counting procedure: touching particles

were difficult to distinguish from single aggregates; particles which were small, thin, translu-

cent, or out of focus weredifficult to see against the background; particles falling on area bor-

derlines could not be accurately sized and often had to be eliminated; some elongated particles,

for which the inscribed-circle method was of questionable validity, were observed; a strong

tendency existed to overlook particles smaller than about 60 microns, because of the graininess

of the print and natural human error. Most of these problems werealleviated, however, by havy-

ing each print processed in advance by a specially trained editor. All particles to be counted

werefirst marked by the editor, then sized by the counter.
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Once the basic data, consisting of the numberof particles in each arbitrary size interval

between 50 and 2,600 microns, were obtained for the selected trays, they were normalized to

a l-micron interval and smoothed, to compensate in part for sample sparsity, by successive

applications of a standard smoothing function on a digital computer. These, with appropriate

unit conversions, are the results listed in Tables B.3 and B.5: the numbersof particles, within

a 1-micron interval centered at the indicated sizes, collected per hour for each square foot of

surface.

Figures 3.6 through 3.9 show how the concentration of each particle size varied over the

buildup period by providing, in effect, successive frequency distributions on time-line sections.

The curves representing the 92.5- and 195-micron particles have been emphasized to bring out

overall trends and make the figures easier to use. Measures of central tendency have been

avoided, because the largest particles which make the most-significant contribution to the ac-

tivity are not significantly represented in the calculation of the mean particle size, while the

small particles which make the greatest contribution in the calculation of the mean particle size

are most subject to errors from counting and background dust deposits. It should also be re-

membered that sampling bias is present and probably assumesits greatest importance for the

smal! particles.

Plots of pure background collections for the ship and barge stations resemble theplotof the

YAG 39 data for Shot Zuni, but without the marked peaks in the small particles or the intrusions

of the large particles from below, both of which are characteristic of fallout arrival. This is

not necessarily true for the Howland station, however, where such features may result from

disturbances of the surface dust; the series of peaks at about 4 hours during Shot Zuni, for ex-

ample, appears to be the result of too close an approach by a survey helicopter.

3.2.5 Ocean Penetration. Figure 3.10 shows the general penetration behavior of fallout ac- -

tivity in the ocean for Shot Navajo, a water-surface shot, and Shot Tewa, resembling a land-

surface shot. These simplified curves show a number of successive activity profiles measured

during and after the fallout period with the oceanographic probe (SIO-P) aboard the YAG 39 and

demonstrate the changing and variable nature of the basic phenomena. The best estimates of

the rate at which the main body of activity penetrated at the YAG 39 and YAG 40 locations during

Shots Flathead, Navajo, and Tewa are summarized in Table 3.3, and the depths at which this

penetration was observed to cease are listed in Table 3.4. The data from which the results were

obtained are presented in graphical form in Figure B.1; reduced-activity profiles similar to those

shown in Figure 3.10 were used in the preparation of the plots. Estimates of the maximum pene-

tration rates observed for Shots Zuni, Navajo, and Tewa appear in Table 3.5.

The values tabulated in Reference 20 represent the result of a systematic study of measured

Profiles for features indicative of penetration rate. Various shape characteristics, such as the

depth of the first increase in activity level above normal background and the depth of the juncture
of the gross body of activity with the thin body of activity below, were considered; but none was

found to be applicable in every case.
The concept of equivalent depth was devised so that: (1) all the profile data (i.e., all the

Curves giving activity concentration as a function of depth) could be used, and (2) the results of

the Project 2.63 water-sampling effort could be related to other Program 2 studies, in which
the determination of activity per unit volume of water near the surface (surface concentration)

was a prime measurement. The equivalent depth is defined as the factor which must be applied

to the Surface concentration to give the total activity per unit water surface area as represented

by the measured profile. Because the equivalent depth may be determined by dividing the pla-

timetered area of any profile by the appropriate surface concentration, it is relatively independ-
ent of profile shape andactivity level and, in addition, can utilize any measure of surface con-
centration which can be adjusted to the time when the profile was taken and expressed in the

Same units of activity measurement. Obviously, if the appropriate equivalent depth can be de-

termined, it may be applied to any measurement of the surface concentration to produce an es-

timate of the activity per unit area when no other data are available.
The penetration rates in Table 3.3 were obtained by plotting all equivalent-depth points avail-
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able for each ship and shot (Figure B.1), dividing the data into appropriate intervals on the basis

of the plots, and calculating the slopes of the least-squares lines for these intervals. The max-

imum depths of penetration listed in Table 3.4 were derived from the same plots by establishing

that the slopes did not differ significantly from zero outside of the selected intervals. Erratic

behavior or failure of the probes on both ships during Shot Zuni and on the YAG 40 during Shot

Flathead prevented the taking of data which could be used for equivalent-depth determinations.

It did prove possible in the former case, however, to trace the motion of the deepest tip of the

activity profile from the YAG 39 measurements;and this is reported, with corresponding values

from the other events, aS a maximum penetration rate in Table 3.5.

It is important to emphasize that the values given in Tables 3.3 and 3.4, while indicating re-

markably uniform penetration behavior for the different kinds of events, refer only to the gross

body of the fallout activity as it gradually settles to the thermocline. When the deposited mate-

rial consists largely of solid particles, as for Shots Zuni and Tewa, it appears that somefast

penetration may occur. The rates listed for these shots in Table 3.5 were derived from a fast-

traveling component which may have disappeared below the thermocline, leaving the activity

profile open at the bottom (Figure 3.10). On the other hand, no such penetration was observed

for Shot Flathead and was questionable in the case of Shot Navajo. This subject is discussed

further in Section 4.3.2, and estimates of the amount of activity disappearing below the thermo-

cline are presented. ,

It is also important to note that the linear penetration rates given in Table 3.3 apply only from

about the time of peak onward and after the fallout has penetrated to a depth of from 10 to 20 me-

ters. Irregular effects at shallower depths, like the scatter of data points in the vicinity of the

thermocline, no doubt reflect the influence both of differences in fallout composition and uncon-

trollable oceanographic variables. The ships did move during sampling and may have encoun-

tered nonuniform conditions resulting from such localized disturbances as thermal gradients,

turbulent regions, and surface currents.

In addition to penetration behavior, decay and solubility effects are present in the changing

activity profiles of Figure 3.10. The results of the measurements made by the decay probe

(SIO-D) suspended in the tank filled with ocean water aboard the YAG 39 are summarized in

Table 3.6. Corresponding values from Reference 15 are included for comparison; although sim-

ilar instrumentation was used, these values were derived from measurements made overslightly

different time intervals in contaminated water taken from the ocean some time after fallout

had ceased.

Two experiments were performed to study the solubility of the activity associated with solid

fallout particles and give some indication of the way in which activity measurements made with

energy-dependent instruments might be affected. Several attempts were also made to makedi-

rect measurements of the gamma-energy spectra of water samples, but only in one case (Sample

YAG 39-T-IC-D, Table B.20) was there enough activity present in the aliquot.

The results of the experiments are summarized in Figures 3.11 and 3.12. Two samples of

particles from Shot Tewa, giving 4-7 ionization chamber readings of 208 x 107° and 674 x 1078

ma respectively, were removed from a single OCC tray (YAG 39-C-34 TE) and subjected to

measurements designed to indicate the solubility rates of various radionuclides in relation to

the overall Solubility rate of the activity in ocean water.

The first sample (Method I} was placed on top of a glass-wool plug ina short glass tube. A

piece of rubber tubing connected the top of this tube to the bottom of a 10-m1l microburetfilled

with sea water. The sea water was passed over the particles at a constant rate, and equivolume

fractions were collected at specified time intervals. In 23 seconds, 3 ml passed overthe parti-

cles, corresponding to a settling rate of 34 cm/min—approximately the rate at which a particle

of average diameter in the sample (115 microns) would have settled. The activity of each frac-

tion was measured with the well counter soon after collection and, when these measurements
were combined with the total sample activity, the cumulative percent of the activity dissolved

was computed (Figure 3.11). Gamma-energy spectra were also measured on fractions corre-

sponding roughly to the beginning (10 seconds), middle (160 seconds) and end (360 seconds) of
the run (Figure 3.12). The time of the run was D+5 days.
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On D+4 the second sample (Method II) was placed in a vessel containing 75 ml of sea water.

After stirring for a certain time interval, the solution was centrifuged and a 50-) aliquot re-

moved from the supernate. This procedure was repeated several times over a 48-hour period,

with the activity of each fraction being measured shortly after separation and used to compute

the cumulative percent of the total activity in solution (Figure 3.11). The gamma spectrum of

the solution stirred for 48 hours was also measured for comparison with the spectra obtained

by Method I (Figure 3.12).

As indicated in Figure 3.11, more than 1 percent of the total activity went into solution in less

than 10 seconds, followed by at least an additional 19 percent before equilibrium was achieved.

This was accompanied by large spectral changes, indicating marked radionuclide fractionation

(Figure 3.12); nearly all of the '3!, for example, appears to have been dissolved in 360 seconds.

The dip-counter activities of all water samples taken by Projects 2.63 and 2.62a are tabulated

in Table B.32. Ocean background corrections have not been attempted but may be estimated for

each shot at the YAG 39 and YAG 40 locations from the activities of the background samples

collected just prior to the arrival of fallout. All other corrections have been made, however,

including those required by the dilution of the designated 1,100-ml depth samplesto the standard

2,000-ml counting volume. Normalized dip-counter decay curves for each event (Figure B.14),

and the records of the surface-monitoring devices (NYO-M, Figures B.8 through B.13) are also

included in Section B.4.

3.3. PHYSICAL, CHEMICAL, AND RADIOCHEMICAL CHARACTERISTICS

3.3.1 Solid Particles. All of the active fallout collected during Shot Zuni, and nearly ali

collected during Shot Tewa, consisted of solid particles which closely resembled those from

Shot M during Operation Ivy and Shot 1 during Operation Castle (References 21 and 22). Alter-
nate trays containing greased disks for solid-particle collection and reagent films for slurry-

particle collection were used in the IC’s during Shot Tewa. Microscopic examination of the

latter revealed an insignificant number of slurry particles; these results are summarized in

Table B.10. No slurry particles were observed in the Zuni fallout, although a small number

May have been deposited.

As illustrated in Figure 3.13, the particles varied from unchanged irregular grains of coral

Sand to completely altered spheroidal particles or flaky agglomerates, and in a numberof cases

included dense black spheres (Reference 19). Each of these types is covered in the discussion

of physical, chemical, radiochemical, and radiation characteristics which follows. Basic data

for about 100 particles from each shot, selected at random from among those removed from the

SIC trays in the YAG 40 laboratory, are included in Table B.34.
Physical and Chemical Characteristics. A numberof irregular and spheroidal

Particles collected on the YFNB 29 during Shots Zuni and Tewa were thin-sectioned and studied

under a petrographic microscope (Reference 23); some from Shot Zuni were also subjected to

X-ray diffraction analysis (Table 3.7). Typical thin sections of both types of particles are pre-

Sented in Figures 3.14, 3.15 and 3.16 for Shot Zuni and Figures 3.17 and 3.18 for Shot Tewa.

Although the particles shown in the figures were taken from samples of close-in fallout, those
Collected 40 miles or more from the shot point by the SIC on the YAG 40 were observed to be

‘Similar, except for being smaller in size.
Both methods of analysis showed the great majority of irregular particles to consist of fine-

rained calcium hydroxide, Ca(OH),, with a thin surface layer of calcium carbonate, CaCO,
(Figure 3.17). A few, however, had surface layers of calcium hydroxide with central cores of

Unchanged coral (CaCO), and an even smaller number were composedentirely of unchanged

Coral (Figure 3.14). It is likely that the chemically changed particles were formed by decar-
bonation of the original calcium carbonate to calcium oxide followed by hydration to calcium

hydroxide and subsequent reaction with CO, in the atmosphere to form a thin coat of calcium

Carbonate. Particles of this kind were angular in appearance and unusually white in color (Fig-

Ure 3.13, A and G).

Many of the irregular particles from Shot Zuni were observed to carry small highly active
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spherical particles 1 to 25 microns in diameter on their surfaces (Figures 3.13G and 3.15).

Shot Tewa particles were almost entirely free from spherical particles of this kind, although

a few with diameters less than 1 micron were discovered when some of the irregular particles

were powdered and examined with an electron microscope. A few larger isolated spherical

particles were also found in the Zuni fallout (Figures 3.13, Band H). Such particles varied in

color from orange-red for the smallest sizes to opaque black for the largest sizes.

While these particles were too small to be subjected to petrographic or X-ray diffraction

analysis, it was possible to analyze a numberof larger particles collected during Shot Inca

which appeared to be otherwise identical (Figure 3.19). The Inca particles were composed

primarily of Fe,;Q, and calcium iron oxide (2 CaO.Fe,0,) but contained smaller amountsof

Fe,O; and CaO. Some were pure iron oxide but the majority contained calcium oxide in free

form or aS calcium iron oxide (Reference 24).

Mostof the spheroidal particles consisted of coarse-grained calcium hydroxide with a thin

surface layer of calcium carbonate (Figure 3.16). Nearly all contained at least a few grains of

calcium oxide, however, and some were found to be composedlargely of this material (Figure

3.18)——5 to 75 percent by volume. Although melted, particles of this kind probably underwent

much the same chemical changes as the irregular particles, the principal difference being that

they were incompletely hydrated. They varied in appearance from irregular to almost perfect

spheres and in color from white to pale yellow (Figure 3.13, C, H, and K). Many had central

cavities, as shown in Figure 3.16 and were in some cases open on one side.

Because of their delicacy, the agglomerated particles could not be thin-sectioned and had to

be crushed for petrographic and X-ray diffraction analysis. They were found to be composed

primarily of calcium hydroxide and some calcium carbonate. It has been observed that similar

particles are formed by the expansion of calcium oxide pellets placed in distilled water, and that

the other kinds of fallout particles sometimes change into such aggregates if exposed to air for

several weeks. The particles were flaky in appearance, with typical agglomerated structures,

and a transparent white in color (Figure 3.13, D, I, and J); as verified by examination of IC

trays in the YAG 40 laboratory immediately after collection, they were deposited in the forms

shown.

The densities of 71 yellow spheroidal particles, 44 white spheroidal particles, and 7 irregular

particles from Shot Zuni were determined (Reference 25) using a density gradient tube and a

bromoform-bromobenzene mixture with a range from 2.0 to 2.8 gm/cm*. These results, show-

ing a clustering of densities at 2.3 and 2.7 gm/cm®*, are summarized in Table 3.8. The yellow

spheres are shown to be slightly more dense than the white, and chemical spot tests made for

iron gave relatively high intensities for the former with respect to the latter. No density deter-

minations were made for agglomerated particles, but one black spherical particle (Table 3.7)

was weighed and calculated to have a density of 3.4 gm/cm’.

The subject of size distribution has been covered separately in Section 3.2.4, and all infor-

mation on particle sizes is included in that section.

Radiochemical Characteristics. Approximately 30 irregular, spheroidal and ag-

glomerated particles from Shot Zuni were subjected to individual radiochemical analysis (Ref-

erence 26), and the activities of about 30 more were assayed in such a way that certain of their

radiochemical properties could be inferred. A numberof particles of the same type were also

combined in several cases so that larger amounts of activity would be available. These data
are tabulated in Tables B.7 and B.8.

Radiochemical measurements of Sr®*, Mo’®, Ba'°-La!“° and Np*®? were made. (All classified
information such as the product/fission ratio for Np**®, which could not be included in Reference
26, and the limited amount of data obtained for Shots Tewa and Flathead were received in the

form of a private communication from the authors of Reference 26.) For the most part, con-

ventional methods of analysis (References 27 and 28) were used, although the amounts of Np?

and Mo®(actually Tc®?™) were determined in part from photopeak areas measured on the single-
channel gamma analyzer (Section 2.2 and Reference 29). The total number of fissions in each

sample was calculated from the numberof atoms of Mo” present, and radiochemical results
were expressed as R-values using Mo” as a reference. (R-values, being defined as the ratio
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of the observed amount of a given nuclide to the amount expected from thermal neutron fission

of u’™, relative to some reference nuclide, combine the effects of fractionation and variations

in fission yield and contain a number of experimental uncertainties. Values between 0.5 and 1.5

cannot be considered significantly different from 1.0.) Selected particles were also weighed so

that the numberof fissions per gram could be computed.

Radioactivity measurements were made in the gamma well counter (WC) and the 4-7 gamma

ionization chamber (GIC), both of which are described in Section 2.2. Because the efficiency of

the former decreased with increasing photon energy, while the efficiency of the latter increased,

samples were often assayed in both instruments and the ratio of the two measurements (counts

per minute per 10¢ fissions to milliamperes per 104 fissions) used as an indication of differences

in radionuclide composition.

It will be observed that the particles in Table B.7 have been classified according to color and

shape. For purposes of comparing radiochemical properties, spheroidal and agglomerated par-

ticles have been grouped together and designated as “altered particles,” while irregular parti-

cles have been designed “unaltered particles.” The latter should not be interpretedliterally,

of course; it will be evident from the foregoing section that the majority of irregular particles

have undergone some degree of chemical change. Particles were classified as altered if they

exhibited the obvious physical changes of spheroidal or agglomerated particles under the optical

microscope.

Radiochemical results for all altered and unaltered particles from Shot Zuni are summarized

in Table 3.9, and activity ratios of the particles from this shot and Shot Tewa are compared in

Table 3.10. The differences in radiochemical composition suggested in the tables are empha-

sized in Figure 3.20, which shows how the energy-dependent ratios (counts per minute per 10*

fissions, milliamperes per 10‘ fissions and counts per minute per milliamperes) varied with

time, and in Figure 3.21, wherein the data used for computing the R-values and product/fission

(p/f) ratios (number of atoms of induced product formed per fission) in Tables B.7 and B.8 are

Presented graphically by plotting the numbers of atoms of each nuclide in a sample versus the

mumber of atoms of Mo**’. Data obtained from calibration runs with neutron-irradiated U?® are
Plotted in the former for comparison; and the standard cloud sample data for Np*"®, as well as
those derived from the estimated device fission yields for Ba‘4° and Sr*®’, are included in the
latter.

It is interesting to note that these results not only establish that marked differences exist

between the two types of particles, but also show the altered particles to be depleted in both

Bai“*_12'40 and Sr®®, while the unaltered particles are enriched in Ba‘*-La!° and perhaps slightly
depleted in Sr®*, The altered particles are also seen to be about a factor of 100 higher than the

umltered in terms of fissions per gram. When these R-values are compared with those obtained

from gross fallout samples (Tables 3.17 and 3.21), it is further found that the values for altered
Particles resemble those for samples from the lagoon area, while the values for the unaltered

Particles resemble those from cloud samples.
Activity Relationships. All of the particles whose gammaactivities and physical

Properties were measured in the YAG 40 laboratory (Table B.34), as well as several hundred

additional particles from the incremental collectors on the other ships and barges, were studied

Systematically (Reference 30) in an attempt to determine whetherthe activities of the particles

Were functionally related to their size. These data are listed in Table B.9 and the results are

ed in Figures 3.22 and 3.23. Possible relationships between particle activity, weight, and

nsity were also considered (Reference 25), using a separate group of approximately 135 par-
les collected on the YFNB 29 during Shots Zuni and Tewa and the YAG 39 during Shot Tewa

oly; Figures 3.24 and 3.25 showthe results.
As implied by the differences in radiochemical composition discussed in the preceding section,

clea differences exist in the gamma-radiation characteristics of the different types of parti-

. Compared with the variations in decay rate and energy spectrum observed for different
Particles collected at about the same time on the YAG 40 (Figures B.2, B.3 and B.4), altered

erences show large changes relative to unaltered particles. Figures 3.26 and 3.27 from Ref-

e 26 illustrate this point. The former, arbitrarily normalized at 1,000 hours, shows how
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well-counter decay rates for the two types of particles deviate on both sides of the interval from

200 to 1,200 hours, and how the same curves fail to coincide, as they should for equivalent radio.

nuclide compositions, when plotted in terms of 10‘ fissions. The latter shows the regions in

which the primary radionuclide deficiencies exist.

The previous considerations suggest that particles should be grouped according to type for

the study of activity-size relationships.

Figures 3.22 and 3.23 show the results of a study made in this way (Table B.9). A large num-

ber af the particles for which size and activity data were obtained in the YAG 40 laboratory dur-

ing Shots Zuni and Tewa were first grouped according to size (16 groups, about 32 microns wide,

from 11 to 528 microns), then subdivided according to type (irregular or angular, spheroidal or

spherical, and agglomerated) within each size group. The distribution of activities in each size

group and subgroup was considered and it was found that, while no regular distribution was ap-

parent for the size group, the subgroup tended toward normal distribution. Median activities

were utilized for both, but maximum and minimum values for the overall size group were in-

cluded in Table B.9 to show the relative spread. It will be observed that activity range and

median activity both increase with size.

Similar results for groups of particles removed from IC trays exposed aboard the YAG 39,

LST 611, YFNB 13, and YFNB 29 during Shot Tewa are also included in Table B.9. These have

not been plotted or used in the derivation of the final relationships, because the particles were

removed from the trays and well-counted between 300 and 600 hours after the shot, and many

were so near background that their activities were questionable. (This should not be interpreted

to mean that the fallout contained a significant numberof inactive particles. Nearly 100 percent

of the particles observed in the YAG 40 laboratory during Shots Zuni and Tewa were active.}

In the figures, the median activity of each size group from the two sets of YAG 40 data has

been plotted against the mean diameter of the group for the particles as a whole and several of

the particle type subgroups. Regression lines have been constructed, using a modified least- -

squares method with median activities weighted by group frequencies, and 95-percent-confidence

bands are shown in every case. Agglomerated particles from Shot Zuni and spheroidal particles

from Shot Tewa have not been treated because of the sparsity of the data. :
It should also be noted that different measures of diameter have been utilized in the two cases.

The particles from both shots were sized under a low-power microscope using eyepiece microm-

eter disks; a series of sizing circles was used during Shot Zuni, leading to the diameter of the

equivalent projected area D,, while a linear scale was used for Shot Tewa, giving simply the

maximum particle diameter Dm. The first method was selected because it could be applied

under the working conditions in the YAG 40 laboratory and easily related to the method described

in Section 3.2.4 (Figure B.5); the second method was adopted so that more particles could be proc-

essed and an upper limit established for size in the developmentof activity-size relationships.

The equations for the regression lines are given in the figures and summarized as follows:

all particles, Shot Zuni, A « D,?‘, Shot Tewa, A < Dp’"*; irregular particles, Shot Zuni, A
« Da?, Shot Tewa, A x D,'''; spheroidal particles, Shot Zuni, A « D,>"’; and agglomerated
particles, Shot Tewa, A < D,,”"!.

(Analogous relationships for Tewa particles from the YFNB 29 were derived on the basis of

much more limited data in Reference 25, using maximum diameter as the measure of size. |

These are listed below; error not attributable to the linear regression was estimated at about

200 percent for the first two cases and 400 percent for the last: all particles, A « D,,?""'; ir-
regular particles, A « D,,'-; and spheroidal particles, A < Dy,**".)

It may be observed that the activity of the irregular particles varies approximately as the

square of the diameter. This is in good agreement with the findings in Reference 23; the radio-

autographs in Figures 3.14 and 3.17 show the activity to be concentrated largely on the surfaces

of the irregular particles. The activity of the spheroidal particles, however, appears to vary

as the third or fourth power of the diameter, which could mean either that it is a true function

of particle volume or that it diffused into the molten particle in a region of higher activity con-

centration in the cloud. The thin-section radioautographs suggest the latter to be true, showing

the activity to be distributed throughout the volume in some cases (Figure 3.16) but confined to
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the surface in others (Figure 3.18). It may also be seen that the overall variation of activity

with size is controlled by the irregular particles, which appear to predominate numerically in

the fallout (Table B.9), rather than by the spheroidal particles. Table 3.11 illustrates how the

activity in each Size group was divided amongthe three particle types.

No correlation of particle activity with density was possible (Figure 3.25) but a rough rela-

tionship with weight was derived for a group of Tewa particles from the YFNB 29 on the basis

of Figure 3.24: Ac w"'' where W refers to the weight in micrograms and nonregression

error is estimated at ~ 140 percent (Reference 25). (An additional study was performed at

NRDL, using 57 particles from the Same source and a more Stable microbalance. The result-

ing relation was: A < W°'".) This result is consistent with the diameter functions, because
p'« w. The relative activities of the white and yellow spheroidal particles referred to ear-

lier were also compared and the latter were found to be slightly more active than the former.

3.3.2 Slurry Particles. All of the fallout collected during Shots Flathead and Navajo consist-

ed of slurry particles whose inert components were water, sea salts, and a small amount of

insoluble solids. (Although IC and SIC trays containing greased disks were interspersed among

those containing reagent films for shots, no isolated solid particles that were active were ob-

served.) Large crystals displaying the characteristic cubic shape of sodium chloride were oc-

casionally observed in suspension. The physical and chemical, radiochemical, and radiation

characteristics of these particles are discussed below. Table B.35 contains representative sets

of data, including data on particles collected on the YAG 40 and at several other stations during

each shot.

Physical and Chemical Characteristics. Slurry particles have been studied

extensively and are discussed in detail in Reference 31. The results of preliminary studies of

the insoluble solids contained in such particles are given in Reference 32. Figure 3.28 ig a

photomicrograph of a typical deposited slurry droplet, after reaction with the chloride-sensitive

reagent film surface. The chloride-reaction area appears as a white disk, while the trace or

impression of the impinging drop is egg shaped and encloses the insoluble solids. The concen-
tric rings are thought to be a Liesegang phenomenon. An electronmicrograph of a portion of the

solids is shown in Figure 3.29, illustrating the typical dense agglomeration of small spheres

and irregular particles.

The physical properties of the droplets were established in part by microscopic examination

in the YAG 40 laboratory soon after their arrival, and in part by subsequent measurements and
calculations. For example, the dimensions of the droplets that appeared on the greased trays
provided a rapid approximation of drop diameter, but the sphere diameters reported in Table
3.12 were calculated from the amount of chloride (reported as NaCl equivalent) and H,O meas-

ured later from the reagent films. It will be noted that particle size decreased very slowly with

time; and that for any given time period, size distribution need not be considered, because stand-
ard deviations are small. Average densities for the slurry particles, calculated from their di-
mensions and the masses of NaCl and H,O present, are also given in Table 3.12.

On the basis of the data in Table 3.12, and a calibration method for solids volumethat in-

Volved the collection on reagent film of simulated slurry droplets containing aluminum oxide

Suspensions of appropriate diameter at known concentrations, it was estimated that the particles

Were about 80 percent NaCl, 18 percent H,O, and 2 percent insoluble solids by volume. The
latter were generally amber in color and appeared under high magnification (Figure 3.29) to be

*gZlomerates composed of irregular and spherical solids ranging in size from about 15 microns

to less than 0.1:micronin diameter. The greatest number of these solids were spherical and

mic than 1 micron in diameter, although a few were observed in the size range from 15 to 60
Tons,

Chemical properties were determined by chloride reagent film, X-ray diffraction, and elec-

°n diffraction techniques. (The gross chemistry of slurry drops is of course implicit in the
4nalyses of the OCCcollections from Shots Flathead and Navajo (Table B.18); no attempt has

conta to determine the extent of correlation.) The first featured the use of a gelatin film

ining colloidal red silver dichromate, with which the soluble halides deposited on the film
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react when dissolved in saturated, hot water vapor. The area of the reaction disk produced,

easily measured with a microscope, is proportional to the amount of NaCl present (Reference

33). The values of NaCl masslisted in Table 3.12 were obtained by this method; the values of

H,O mass were obtained by constructing a calibration curve relating the volume of water in the

particle at the time of impact to the area of its initial impression, usually well defined by the

insoluble solids trace (Figure 3.28). Because the water content of slurry fallout varies with

atmospheric conditions at the time of deposition, mass is expressed in terms of the amount of

NaCl present; the weight of water may be estimated by multiplying the NaCi mass by 1.2, the

average observed factor.

Conventional X-ray diffraction methods were used for qualitative analysis of the insoluble

Solids, stripped from the reagent film by means of an acrylic spray coating, and they were

found to consist of calcium iron oxide (2 CaO-Fe,0,), oxides of calcium and iron, and various

other compounds (Table 3.13). Some of these were also observed by electron diffraction.

Radiochemical Characteristics. Thirteen of the most-active slurry particles

removed from the SIC trays in the YAG 40 laboratory during Shot Flathead were combined (Ref-

erence 26), and analyzed radiochemically in much the same way as the solid particles described

earlier in Section 3.3.1. The sample was assayed in the gamma well counter (WC) and the 4-7

gamma ionization chamber (GIC), then analyzed for Mo®’, Ba'#°-La‘°, sr®®, and Np?"*; total

fissions, activity ratios, R-values and the product/fission ratio were computed as before. The

results are presented in Table 3.14.

It may be seen that the product/fission ratio and R°(89) value are comparable with the values
obtained for gross fallout samples (Tables 3.17, 3.18, and 3.21), and that the overall radionuclide

composition resembles that of the unaltered solid particles. Slight depletion of both Ba‘°-La'°
and Sr®® is indicated.

Activity Relationships. Since the mass of slurry-particle fallout was expressed in

terms of-NaCl mass, it was decided to attempt to express activity relationships in the same

terms. This was accomplished in two steps. First, the H+12-hours well-counter activities

measured on the IC trays from the majority of the stations listed in Table 3.12 were summed

to arrive at the total amounts of activity deposited per unit area (counts per minute per square

foot). These values were then divided by the average specific activity calculated for each sta-

tion (counts per minute per microgram NaC)) to obtain the total amount of NaCl mass deposited

per unit area (micrograms NaCl per square foot). Results for Shot Flathead are plotted in Fig-

ure 3.30, and numerical values for both shots are tabulated in Table B.11; the Navajo results

were not plotted because of insufficient data. (Figure 3.30 and Table B.11 have been corrected

for recently discovered errors in the tray activity summations reported in Reference 31.)

While this curve may be used to estimate the amount of activity associated with a given

amount of slurry-fallout mass in outlying areas, it must be remembered that the curve is based

on average specific activity. It should also be noted that the unusually high values of NaCl mass

obtained for the YFNB 29 during Shot Flathead have not been plotted. A correspondingly high

value for the YFNB 13 during Shot Navajo appears in the table. These werefelt to reflect dif-

ferences in composition which are not yet well understood.

A preliminary effort was also made to determine the way in which the activity of slurry par-

ticles was divided between the soluble and insoluble phases. Asillustrated in Figure 3.31,

radioautographs of chloride reaction areas on reagent films from all of the Flathead collections

and a few of the Navajo shipboard collections indicated that the majority of the activity was as-

sociated with the insoluble solids. This result was apparently confirmed when it was found that

84 percent of the total activity was removable by physical stripping of the insoluble solids; how-

ever, more careful later studies (private communication from N.H. Farlow, NRDL) designed

to establish the amountof activity in solids that could not be stripped from the film, and the

amount of dissolved activity in gelatin removed with the strip coating, decreased this value to

65 percent. It must be noted that the stripping process was applied to a Flathead sample from

the YAG 40 only, and that solubility experiments on OCCcollections from other locations at

Shot Navajo (Reference 32) indicated the partition of soluble-insoluble activity may vary with
collector location or time of arrival. The latter experiments, performed in duplicate, yielded
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average insoluble percentages of 93 and 14 for the YAG 39 (two aliquots) and the YFNB13 re-

spectively.

While such properties of barge shot fallout as the slurry nature of the droplets, diameters,

densities, and individual activities have been adequately measured, it is evident that more ex-

tensive experimentation is required to provide the details of composition of the solids, their

contribution to the weight of the droplets, and the distribution of activity within the contents of

the droplets.

3.3.3 Activity and Fraction of Device. An estimate of the total amount of activity deposited

at every major and minor station during each shot is listed in Table 3.15. Values are expressed

both as fissions per square foot and fraction of device per square foot for convenience. In the

case of the major stations the weighted mean and standard deviation of measurements made on

the four OCC’s and two AOC,’s on the standard platform are given, while the values tabulated

for the minor stations represent single measurements of AOC, collections. Basic data for both

cases are included in Tables B.12 and B.14. (Tray activities were found to pass through a max-

imum and minimum separated by about 180 degrees when plotted against angular displacement

from a reference direction; ten values at 20-degree intervals between the maximum and mini-

mum were used to compute the mean and standard deviation (Section 4.3.2). )

The number of fissions in one OCC tray from each major station and one standard cloud sam-

ple was determined by radiochemical analysis for Mo®® after every shot (Reference 34). Because

these same trays and samples had previously been counted in the doghouse counter (Section 2.2),

the ratio of doghouse counts per minute at 100 hours could then be calculated for each shot and
location, as shown in Table B.13, and used to determine the numberof fissions in the remaining

OCC trays (fissions per 2.60 ft?, Table B.12). Final fissions per square foot values were con-

verted to fraction of device per square foot by meansof the fission yields contained in Table 2.1

and use of the conversion factor 1.45 x 10° fissions/Mt(fission). (Slight discrepancies may be

found to exist in fraction of device values based on Mo”?, because only interim yields were avail-

able at the time of calculation.)

Aliquots from some of the same OCCtrays analyzed radiochemically for Mowere also
measured on the dip counter. Since the numberof fissions in the aliquots could be calculated

and the fallout from Shots Flathead and Navajo was relatively unfractionated, the total number

of fissions in each AOC, from these shots could be computed directly from their dip-counter

activities using a constant ratio of fissions per dip counts per minute at 100 hours. Table B.14I

gives the results.
Shot Zuni, and to a lesser extent Shot Tewa, fallout was severely fractionated, however, and

it was necessary first to convert dip-counter activities to doghouse-counter activities, so that

the more-extensive relationships between the latter and the fissions in the sample could beutil-

ized. With the aliquot measurements referred to above, an average value of the ratio of dog-

Se activity per dip-counter activity was computed (Table B.15), and this used to convertall

dip counts per minute at 100 hours to doghouse counts per minute at 100 hours (Table B.14TI).

The most appropriate value of fissions per doghouse counts per minute at 100 hours was then
Selected for each minor station, on the basis of its location and the time of fallout arrival, and

nt numberof fissions calculated for the collector area, 0.244 ft?. Final fission per square

. values were arrived at by normalizing to 1 ft?, and fraction of device per square foot was

-£omputed from the total numberof device fissions as before.

LS Manyof the results presented in this report are expressed in terms of 10“ fissions. For
ele, all gamma- and beta-decay curves in Section 3.4 (Figures 3.34 to 3.38) are plotted in

‘tor : of counts per second per 10‘ fissions, and the final ionization rates as a function of time

“foot ‘ach shot (Figure 3.39) are given in terms of roentgens per hour per 10‘ fissions per square

3 es Thus, the estimates in Table 3.15 are all that is required to calculate the radiation inten-

cessathe would have been observed at each station under ideal conditions any time after the

entire! On of fallout. It should be noted, however, that the effects of sampling bias have not been

e erm eliminated from the tabulated values and, consequently, will be reflected in any quantity

ined by means of them. Even though the use of weighted-mean collector values for the
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major stations constitutes an adjustment for relative platform bias, the question remains as to

what percent of the total numberof fissions per unit area, which would have been deposited in

the absence of the collector, were actually collected by it. This question is considered in detail

in Section 4.3.2.

3.3.4 Chemical Composition and Surface Density. The total massof the fallout collected per

unit area at each of the major stations is summarized for all four shots in Table 3.16. Results

are further divided into the amounts of coral and sea water making up the totals, on the assump-~

tion that all other components in the device complex contributed negligible mass. These values

were obtained by conventional quantitative chemical analysis of one or more of the OCC tray

collections from each station for calcium, sodium, chlorine, potassium, and magnesium (Ref-

erences 35 through 38); in addition analyses were madefor iron, copper and uranium (private

communication from C.M. Callahan and J.R. Lai, NRDL). The basic ¢hemical results are pre~

sented in Tables B.16 and B.18. (Analyses were also attempted for aluminum and lead; possibly

because of background screening, however, they were quite erratic and have not been included.)

The chemical analysis was somewhat complicated by the presence in the collections of a rela-

tively large amount of debris from the fiberglass honeycomb(or hexcell) inserts, which had to

be cut to collector depth and continued to spall even after several removals of the excess mate-

rial, It was necessary, therefore, to subtract the weight of the fiberglass present in the samples
in order to arrive at their gross weights (Table B.181). The weight of the fiberglass was deter-

mined in each case by dissolving the sample in hydrochloric acid to release the carbonate, fil-

tering the resultant solution, and weighing the insoluble residue, In addition, the soluble portion

of the resin binder was analyzed for the elements listed above and subtracted out as hexcell con-

tribution to arrive at the gross amounts shown (References 39 and 40). Aliquots of the solution

were then used for the subsequent analyses.

It was also necessary to subtract the amount of mass accumulated as normal background.

These values were obtained by weighing and analyzing samples from a number of OCC trays

which were known to have collected no fallout, although exposed during the fallout period. Many

of the trays from Shot Cherokee, as well as a numberof inactive trays from other shots, were

used; and separate mean weights with standard deviations were computed for each of the elements

under ocean and land collection conditions (Tables B.16 and B.18).

After the net amount of each element due to fallout was determined, the amounts of original

coral and sea water given in Table 3.16 could be readily computed with the aid of the source

compositions shown in Table B.16. In most cases, coral was determined by calcium; however,

where the sea water/coral ratio was high, as for the barge shots, the sea water contribution to

the observed calcium was accounted for by successive approximation. Departure from cere

the residual weights of the coral and sea water components shown in Table B.18 reflect combined

errors in analyses and compositions. It should be noted that all + values given in these data

represent only the standard deviation of the background collections, as propagated through the

successive subtractions. In the case of Shot Zuni, two OCC trays from each platform were

analyzed several months apart, with considerable variation resulting. It is not known whether

collection bias, aging, or inherent analytical variability is chiefly responsible for these dis-

crepancies:

The principal components of the device and its immediate surroundings, exclusive of the

naturally occurring coral and sea water, are listed in Table B.17. The quantities of iron, copper

and uranium in the net fallout are shown in Table B.181 to have come almost entirely from this

source. Certain aliquots from the OCC trays used for radiochemical analysis were also ana-

lyzed independently for these three elements (Table B.18I). These data, when combined with

the tabulated device complex information, allow computation of fraction of device; the calcula-

tions have been carried out in Section 4.3.4 for uranium and iron and compared with those based

on Mo’.

3.4 RADIONUCLIDE COMPOSITION AND RADIATION CHARACTERISTICS

3.4.1 Approach. If the identity, decay scheme, and disintegration rate of every nuclide in
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a sample are known, then all emitted particle or photon properties of the mixture can be com-

puted. If, in addition, calibrated radiation detectors are available, then the effects of the sam-

ple emissions in those instruments may also be computed and compared with experiment. Fi-

nally, air-ionization or dose rates may be derived for this mixture under specified geometrical

conditions and concentrations.

In the calculations to follow, quantity of sample is expressed in time-invariant fissions, i.e.,

the numberof device fissions responsible for the gross activity observed; diagnostically, the

quantity is based on radiochemically assayed Mo”anda fission yield of 6.1 percent. This nuclide,
therefore, becomesthe fission indicator for any device and any fallout or cloud sample. The

computation for slow-neutron fission of U?*, as given in Reference 41, is taken as the reference

fission model; hence, any R®°*(x) values in the samplesdiffering from unity, aside from experi-

mental uncertainty, represent the combined effects of fission kind and fractionation, and neces-

sitate modification of the reference model if it is to be used as a basis for computing radiation

properties of other fission-product compositions. (An R-value maybe defined asthe ratio of

the amount of nuclide x observed to the amount expected for a given numberof reference fissions.

The notation R'*(x) means the R-value of mass number x referred to mass number99.)
Two laboratory instruments are considered: the doghouse counter employing a 1-inch-

diameter-by-1-inch-thick NaI(T1) crystal detector, and the continuous-flow proportional beta
counter (Section 2.2). The first was selected because the decay rates of many intact OCC col-

lections and all cloud samples were measured in this instrument; the second, because of the

desirability of checking calculated decay rates independent of gamma-ray decay schemes. Al-

though decay data were obtained on the 4-7 gamma ionization chamber, response curves (Ref-

erence 42) were not included in the calculations. However, the calculations madein this section

are generally consistent with the data presented in Reference 42. The data obtained are listed

in Table B.26.

_ 3.4.2 Activities and Decay Schemes. The activities or disintegration rates of fission prod-

acts for 104 fissions were taken from Reference 41; the disintegration rates are used where a

Fadioactive disintegration is any spontaneous change in a nuclide. Other kinds of activities are

Qualified, e.g., beta activity. (See Section 3.4.4.) Those of induced products of interest were
computed for 10‘ fissions and a product/fission ratio of 1, that is, for 10 initial atoms (Refer-
ence 43).
~ Prepublication results of a study of the most-important remaining nuclear constants— the

decay schemes of these nuclides—are contained in References 42 and 44. The proposed
Schemes, which provide gamma and X-ray photon energies and frequencies per disintegration,

include all fission products known up to as early as ~ 45 minutes, as well as most of the induced

Products required. All of the following calculations are, therefore, limited to the starting time
Mentioned and are arbitrarily terminated at 301 days.

 

3.4.3 Instrument Response and Air-Ionization Factors. A theoretical response curve for the

doghouse counter, based on a few calibrating nuclides, led to the expected counts/disintegration

af each fission and induced product as a function of time, for a point-source geometry and 10*

fissions or initial atoms (Reference 43). The condensed decay schemes of the remaining induced
‘oes Were also included. To save time, the photons emitted from each nuclide were sorted

-. #0 standardized energy increments, 21 of equal logarithmic width comprising the scale from

me to 3.25 Mev. The response was actually computed for the average energy of each incre-

om nt, whichin general led to errors no greater than ~10 percent. .

Be Counting rates expected in the beta counter were obtained from application of the physical-

1,Bometry factor to the theoretical total-beta and positron activity of the sample. With a re-

“Mees. curve essentially flat to beta Emax over a reasonably wide range of energies, it was not

werey to derive the response to each nuclide and sum for the total. Because the samples
, essentially weightless point sources, supported and covered by 0.80 mg/cm’ofpliofilm,

Ting and absorption corrections were not made to the observed count rates; nor were

“ray contributions subtracted out. Because many of the detailed corrections are self-
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canceling, it is assumed the results are correct to within ~20 percent. The geometries (or

counts/beta) for Shelves 1 through 5 are given in Section A.2.

Air-ionization rates 3 feet above an infinite uniformly contaminated plane, hereafter referred

to as standard conditions (SC), are based on the curve shown in Figure B.6, which was originally

obtained in another form in Reference 7. The particular form shown here, differing mainly in

choice of parameters and units, has been published in Reference 45. Points computed in Ref-

erence 46 and values extracted from Reference 47 are also shown for comparison. Thelatter

values are low, because air scattering is neglected.

The ionization rate (SC) produced by each fission-product nuclide as a function of time for

10‘ reference fissions/ft? (Reference 17), was computed on a line-by-line basis; the induced

products appear in Table B.19 for 10‘ fissions/ft? and a product/fission ratio of 1, with lines

grouped as described for the doghouse-counter-response calculations.

The foregoing sections provide all of the background information necessary to obtain the ob-

jectives listed in the first paragraph of Section 3.4.1, with the exception of the actual radionuclide

composition of the samples. The following sections deal with the available data and methods used

to approximate the complete composition.

3.4.4 Observed Radionuclide Composition. Radiochemical R-values of fission products are

given in Table 3.17 and observed actinide product/fission ratios appear in Table 3.18, the two

tables summarizing most of the radiochemistry done by the Nuclear and Physical Chemistry,

and Analytical and Standards Branches, NRDL (Reference34).

The radiochemical results in Reference 34 are expressed as device fractions, using fission

yields estimated for the particular device types. These have been converted to R-values by use

of the equation:

FODg(x) FYp(x)
RG (x) = FOD(O9) * FYq(x)

Where R*}(x) is the R-value of nuclide x relative to Mo”?; FODg(x) and FYp(x) are respec-
tively the device fraction and estimated yield of nuclide x reported in Reference 34, FY(x) is

“the thermal yield of nuclide x, and FOD(99) is the device fraction by Mo*®. The thermal yields
used in making this correction were taken from ORNL 1793 and are as follows: Zr®, 6.4 per-
cent; Te!™, 4.4 percent; Sr®®, 4.8 percent; Sr®, 5.9 percent; Cs?87, 5.9 percent; and Ce, 6.1
percent. The yield of Mo’? was taken as 6.1 percent in all cases. The R-values for all cloud-
sample nuclides were obtained in that form directly from the authors of Reference 34.

Published radiochemica] procedures were followed (References 48 through 54), except for

modifications of the strontium procedure, and consisted of two Fe(OH), and BaCrO, scavenges

and one extra Sr(NOQ), precipitation with the final mounting as SrCO,. Table 3.19 lists princi-

pally product/fission ratios of induced activities other than actinides for cloud samples; sources

are referenced in the table footnotes.

Supplementary information on product/fission ratios in fallout and cloud samples was ob-

tained from gamma-ray spectrometry (Tables B.20 and B.21) and appears in Table 3.20.

3.4.5 Fission-Product- Fractionation Corrections. Inspection of Tables 3.17 through 3.20,

as well as the various doghouse-~counter and ion-chamber decay curves, led to the conclusion

that the radionuclide compositions of Shots Flathead and Navajo could be treated as essentially

unfractionated. It also appeared that Shots Zuni and Tewa, whose radionuclide compositions

seemed to vary continuously from lagoon to cloud, and probably within the cloud, might be cov-

ered by two compositions: one for the close-in lagoon area, and one for the more-distant ship

and cloud samples. The various compositions are presented as developed, starting with the

simplest. The general method and supporting data are given, followed by the results.

Shots Flathead and Navajo. Where fission products are not fractionated, that is,

where the observed R®%(x) values are reasonably close to 1 (possible large R-values among low-

yield valley and right-wing mass numbersare ignored), gross fission-product properties may
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be readily extracted from the sources cited. Induced product contributions may be added in

after diminishing the tabular values (product/fission = 1) by the proper ratio. After the result-

ant computed doghouse-counter decay rate is compared with experiment, the ionization rate (SC)
may be computed for the same composition. Beta activities may also be computed for this com-

position— making allowance for those disintegrations that produce no beta particles. The Navajo

composition was computed in this manner, as were the rest of the compositions, once fractiona-

tion corrections had been made.

Shot Zuni. A number of empirical corrections were made to the computations for un-

fractionated fission products in an effort to explain the decay characteristics of the residual

radiations. from this shot. The lagoon-area composition was developed first, averaging avail-

able lagoon area R-values. As shown in Figure 3.32, R-values of nuclides which, in part at

least, are decay products of antimony are plotted against the half life of the antimony precursor,

using the fission-product decay chains tabulated in Reference 56. (Somejustification for the

|.
\

. If the

assumptions are made that, after ~45 minutes, the R-values of all membersof a awed3

are identical, and related to the half life of the antimony precursor, then Figure 3.32 may be

ased to estimate R-values of other chains containing antimony precursors with different half

lives. The R-value so obtained for each chain is then used as a correction factor on the activity

(Reference 41) of each nuclide in that chain, or more directly, on the computed doghouseactiv-

ity or ionization (SC) contribution (Table 3.21). The partial decay products of two other frac-

tionating precursors, xenon and krypton, are also shown in Figure 3.32, and are similarly

employed. These deficiencies led to corrections in some 22 chains, embracing 54 nuclides

that contributed to the activities under consideration at some time during the period of interest.

The R-value of I'*! was taken as 0.03; a locally measured but otherwise unreported I'*¥1'*! ratio
of 5.4 yields an I'? R-value of 0.16.

Although the particulate cloud composition might have been developed similarly, using a

different set of curves based on cloud R-values, it was noticed that a fair relation existed be-

tween cloud and lagoon nuclide R-values as shown in Figure 3.33. Here R?(x) cloud/R*%(x) lagoon
is plotted versus R®*(x) lagoon average. The previously determined lagoon chain R-values were
then Simply multiplied by the indicated ratio to obtain the corresponding cloud R-values. The

lines indicate the trends for two other locations, YAG 39 and YAG 40, although these were

not pursued because of time limitations. It is assumed that the cloud and lagoon compositions

hee extremes, with all others intermediate. No beta activities were computed for this

Shot Tewa. Two simplifying approximations were made. First, the cloud and outer sta-

Hon average R-values were judged sufficiently close to 1 to permit use of unfractionated fission

token Second, because the lagoon-area fission-product composition for Shot Tewa appeared
the same as for its Zuni counterpart except in mass 140, the Zuni and Tewa lagoon fission

Products were therefore judged to be identical, except that the Ba'‘°-La'° contribution was in-
‘eased by a factor of 3 for the latter.
WheThe inducedproducts were added in, using product/fission ratios appropriate to the location

. ever possible; however, the sparsity of ratio data for fallout samples dictated the use of

- values for most of the minor induced activities.

: 3.4.6 Results and Discussion. Table B.22 is a compilation of the computed doghouse count-
tn mes for the compositions described; these data and some observed decay rates are shown

me  igures 3.34 through 3.37. All experimental doghouse-counter data is listed in Table B.23.
. cone Similarly summarizes the Flathead and Navajo computed beta-counting rates; they

™Mpared with experiment in Figure 3.38, and the experimental data are given in Table

tion of Results of the gamma-ionization or dose rate (SC) calculations for a surface concentra-
10 fissions/ft? are presented in Table 3.22 and plotted in Figure 3.39. It should be em-

8
ized that these computed results are intended to be absolute for a specified composition
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and numberof fissions as determined by Mo"content, and no arbitrary normalization has been
employed to match theory and experiment. Thus, the curves in Figure 3.39, for instance, rep.
resent the best available estimates of the SC dose rate produced by 10 fissions/ft? of the various

mixtures. The Mo®® content of each of the samples represented is identical, namely the number
corresponding to 10‘ fissions at a yield of 6.1 percent. The curves are displaced vertically

from one another solely because of the fractionation of the other fission products with respect

to Mo®®, and the contributions of various kinds and amounts of induced products.

It may be seen that the computed and observed doghouse-counter decay rates are in fairly

good agreementover the time period for which data could be obtained. The beta-decay curves

for Shots Flathead and Navajo, initiated on the YAG 40, suggest that the computed gamma and

ionization curves, for those events at least, are reasonably correct as early as 10 to 15 hours

after detonation.

The ionization results may not be checked directly against experiment; it was primarily for

this reason that the other effects of the proposed compositions were computed for laboratory

instruments. If reasonable agreement can be obtained for different types of laboratory detectorg,

then the inference is that discrepancies between computed and measured ionization rates in the

field are due to factors other than source composition and ground-surface fission concentration.

The cleared area surrounding Station F at How Island (Figure 2.8) offers the closest approxi-

mation to the standard conditions for which the calculations were made, and Shot Zuni was the

only event from which sufficient fallout was obtained at this station to warrant making a com-

parison. With the calculated dose rates based on the average buried-tray value of 2.08 +0.22

x 10" fissions/ft? (Table B.27) and the measured rates from Table B.28, (plotted in Figure B.7),
the observed/calculated ratio varies from 0.45 at 11.2 hours to 0.66 from 100 to 200 hours, fall-

ing to an average of 0.56 between 370 and 1,000 hours. Although detailed reconciliation of theory

and experiment is beyond the scope of this report, some of the factors operating to lower the ra-

tio from an ideal value of unity were: (1) the cleared area was actually somewhat less than in-
finite in extent, averaging ~ 120 feet in radius, with the bulldozed sand and brush ringing the

area in a horseshoe-shaped embankment some7 feet high; (2) the plane was not mathematically

smooth; and (3) the survey instruments used indicate less than the true ionization rate, i.e., the

integrated response factor, including an operator, is lower than that obtained for Co®in the cal-

ibrating direction.

It is estimated that, for average energies from 0.15 Mev to 1.2 Mev, a cleared radius of 120

feet provides from ~ 0.80 to ~ 0.70 of an infinite field (Reference 46). The Cutie Pie survey

meter response, similar to the T1B between 100 kev and 1 Mev, averages about 0.85 (Reference

17). These two factors alone, then, could depress the observed/calculated ratio to ~ 0.64.
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TABLE 3.3 PENETRATION KATES DERIVED FROM EQUIVALENT-

DEPTH DETERMINATIONS

 

 

: : = Limits

Shot Station Number Studied Rate 95 pet
of Points From To :

Confidence

TSD, hr m/hr m/hr

Flathead YAG 39 10 8.3 12.8 3.0 2.5

Navajo YAG 39 10 7.4 18.6 2.6 0.2

Navajo YAG 40 4 10.0 13.0 4.0 2.1

Tewa YAG 39 26 5.1 14.8 3.0 0.7

Tewa YAG 40 5 5.2 8.1 4.0 2.9

 

TABLE 3.4 DEPTHS AT WHICH PENETRATION CEASED FROM EQUIVALENT-

DEPTH DETERMINATIONS

 

Number Time Studied * Limits Estimated

 

Shot Station : —_ Depth 95 pet Thermocline
of Points From To Confidence Depth *

TSD, hr meters meters meters

Navajo YAG 39 13 30.9 40.1 62 15 40 to 60

Tewa YAG 39 17 15.3 20.5 49 10 40 to 60

31.8 34.8
 

* See Reference 15.

TABLE 3.5 MAXIMUM PENETRATION RATES OBSERVED

 

+ Limits
Number Time Studied

Shot Station of Points From Rave 95 pet
 

Confidence

TSD, hr m/or - m/br

Zuni YAG 39 3 15.2 16.8 ~ 30 —_

9 17.8 29.8 2.4 0.9
Navajo YAG 39 5 3.1 5.2 23.0 9.8

Tewa YAG 39 2 3.8 4.1 ~ 300 —_
 

- TABLE 3.6 EXPONENT VALUES FOR

PROBE DECAY MEASUREMENTS

The tabulated numbers are values of n in the ex-

pression: A= Ay (t/ty)” , where A indicates the
activity at a reference time, t, and A, the activity

at the time of observation, tp.

Exponent Values
 

 

Shot Project 2.63 Project 2.62a

Zuni 0.90 1.13

Flathead 0.90 1.05

Navajo 1.39 1.39

Tewa . * 1.34
 

* Instrument malfunctioned.
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TABLE 3.9 RADIOCHEMICAL PROPERTIES OF ALTERED AND UNALTERED PARTICLES,

 

 

 

 

  

 

SHOT ZUNI

Altered Particles Unaltered Particles

Quantity Time Number of Value Number of Value
Samples Samples

TSD, br

fissions/gm (x 10!) — 6 3.8 + 3.1 9 0.090 4 0.12
fissigns/gm (x 104) _ 14 4.242.7 24 0.033 + 0.035

(counts/min)/10‘ fissions 71 4 0.34 + 0.06 4 0.53 + 0.19
(counts/min)/10‘ fissions 105 3 0.35 + 0.08 7 1. £ 0.4
(counts/min)/10‘ fissions 239 1 0.054 1 0.12
(counts/min)/10‘ fissions §32 2 0.013 1 0.024

ma/10° fissions (x 107 1%) 71 4 3045 4 59 + 24
ma/10* fissions (x 107 *7) 105 3 2447 7 109 4 31
ma/10* fissions (x 107 #7) 239 1 3.4 1 20
ma/10* fissions (x 107!) 481 2 1.7 1 5.1

(counte/min)/ma (x 1044) 72 5 sil 4 9.3 + 2.0
(counts/min)/ma (x 10%) 105 4 1443 13 8.6 + 1.5
(counts/min)/ma (x 10%) 238 10 16 +2 6 6.2 + 1.3
 

* Calculated from activity ratios on the basis of particles analyzed for total fissions.

TABLE 3.10 ACTIVITY RATIOS FOR PARTICLES FROM SHOTS ZUNI AND TEWA

 

 

 

 

Shot Zuni Shot Tewa

Activity Ratio Altered Particles Unaltered Particles All Particles

Value Time Value Time Value Time

TSD, br TSD, hr TSD, hr

(counts/min)/ma (x 1044) 14. 43. 105 8.6+15 105 11. +6. 96
16. 22. 239 8.241.3 239

(counts/min)/104 fissions 0.35 + 0.08 105 1.1 + 0.4 105 0.38 + 0.12 97

0.054 239 0.12 239 0.18 + 0.02 172
ma/10‘ fiasions (x 107 !7) 24. 27. 105 109. + 31. 105 37. +15. 97

3.4 239 20. 239
 

TABLE 3.11 DISTRIBUTION OF ACTIVITY OF YAG 40 TEWA

PARTICLES WITH SIZE AND TYPE

 

 

 

Percentof Percent of Size Group Activity

Size Group Composite Irreguiar Spheroidal Agglomerated
Total Activity

microns

16 to 33 <0.1 23.4 76.6 0.0

34 to 66 220° 88.1 5.0 6.9
67 to 99 6.0 46.4 37.5 16.0

100 to 132 11.6 68.6 6.7 24.6

133 to 165 18.2 43.4 5.7 50.9

166 to 198 18.9 49.3 1.9 48.8

199 to 231 8.1 58.0 6.0 41.9

232 to 264 9.9 14.7 0.0 85.3

265 to 297 7.0 14.6 0.1 85.3

298 to 330 UL 18.5 0.0 81.4

331 to 363 0.7 _ _ 100.0

364 to 396 1.7 0.0 2.2 97.7

397 to 429 _ _ _ _

430 to 462 0.6 23.8 76.2 0.0

463 to 495 _ _— _ _

496 to 528 3.4 100.0 0.0 0.0
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TABLE 3.12 PHYSICAL, CHEMICAL, AND RADIOLOGICAL PROPERTIES OF SLURRY PARTICLES

All indicated errors are standard deviations of the mean. o
 

 

Time o Station eer Average Average Aversgeae Average Diameter* Average Specific Activity

Arriv NaCl Mass H,0 Mass anes + Standard Deviation + Standard Deviation
Interval Measured Deviation

TSD, hr uE BE gm/cm? microns x 10! (counts/min)/gmt

Shot Flathead:

1to3 YFNB 29 4 to 10 0.06 0.08 1.28 + 0.1 57 +6 43 +8f

7Tto9 YAG 39 and.

LST 611 50 to 52 0.42 0.62 1.29 + 0.01 112 +2 282 + 20

11 to 12 YAG 40 10 0.94 1.20 1.35 + 0.05 129 +16 285 + 160

15 to 18 YAG 40 3to 4 0.50 0.69 1.34 + 0.08 121 +6 265 + 90

Totals 67 to 76 1.30 + 0.01 282 + 30§

Shoat Navajo:

lto3 YFNB 13 5 to 20 7.77 7.94 1.38 + 0.04 272 +14 4+0.6f

3to5s YAG 39 9 to 14 “7.62 4.49 1.50 + 0.01 229 + 24 16 +3

§ to6 LST 611 14 1.61 1.83 1.41 = 0.04 166 +6 1442

Tto9 YAG 40 4to 10 1.25 1.08 1.45 + 0.04 142 + 22 _ 9+3

9to 10 YAG 40 5 to 23 0.44 0.60 1.31 + 0.02 110 +5 11+2

10 to Il YAG 40 Il to 15 0.66 0.50 1.43 + 0.03 lllsz4 1624

11 to 12 YAG 40 33 0.30 0.44 1.32 + 0.01 9444 267

12 to 13 YAG 40 28 0.31 0.31 1.37 + 0.01 9642 217

13 to 14 YAG 40 6 0.17 0.27 1.28 + 0.02 86 +7 29f

14 to 15 YAG 40 5 0.10 0.18 1.30 + 0.03 7158 +2 231

15 to 18 YAG 40 13 to 14 0.06 0.32 1.15 + 0.02 9444 5647

Totals 133 to 182 1.35 + 0.01 21438

 

* Diameter of spherical slurry droplet at time of arrival.

t Photon count in well counter at H+12.
t Not included in calculation of total.
§ Based on summation of individual-particle specific activities.

1 Calculated value based on total tray count, numberof particles per tray, and average

NaCl mass per particle; not included in calculationof total.

TABLE 3.14 RADIOCHEMICAL PROPERTIES OF SLURRY

PARTICLES, YAG 40, SHOT FLATHEAD

TABLE 3. ~
3-13, COMPOUNDS IDENTIFIED IN SLURRY Analysis of the combined particles led to the following data:

PARTICLE INSOLUBLE SOLIDS Description, essentially NaCl; WC, 0.872 x 10° counts/min;

All compounds were identified by X-ray diffraction except Fe,0, time of WC, 156 TSD, hra; GIC, 38 « 107"? ma;time of GIC,

 

 

 

 

 

and NaCa(SiO,}, which were identified by electron diffraction; 196 TSD. hrs; fissions, 6.83 x 10’; Bal?
2CaQ- Fe,03 was also observed in one sample by electron diffrac-  Sr**! _ Npproduct/fission ratio, 0.41; activity
fon. The presence of Cu in the Navajo sample was established ratios at 196 TSD, hrs, 9.9 x 10" (counts/min)/ma, 0.13

by X-ray diffraction. I indicates definite identification and PI (counts/min)/10* fissions, and 13.0 x 107 ™ ma/10* fissiona.

=Ssible identification. Field Number we Time of WC
Ompound Shot Flathead Shot Navajo x 10° counts/min TSD, hrs

oa Fe,0,; - I 2680-1 0.0668 189
Fe,0 I I 2682-2 0.116 190
Feo, I 2334-1 0.0730 190
Cant I I 2677-1 0.0449 193
Nace 2H,0 I 2333-1 0.131 190
Nace(stop I A 2682-1 0.0607 189
310, 2331-21 0.249 189

PI
MgO. Fe,0, PI 2333-2 0.064 191

2334-4 0.146 190
2333-3 0.0487 190
2332-1 0.0295 190
2681-3 0.235 190
2681-1 0.141 190
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Figure 3.8 Particle~size variation at ship stations, Shot Tewa.
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Figure 3.9 Particle-size variation at barge and island stations, Shot Tewa.
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a. Ordinary light.

-14 Angular fallout particle, Shot Z

b. Crossed nicols. c. Radioautograph.

Figure 3 uni.
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Figure 3.15 High magnification of part

of an angular fallout particle, Shot Zuni.
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Figure 3.16 Spheroidal fallout particle, Shot Zuni.

a. Ordinary light. b. Crossed nicols. c. Radioautograph.
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not Tewa.Figure 3.17 Angular fallout particle, S

a. Ordinary light. ioautograph.Radc.b. Crossed nicols.
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Chapter 4

DISCUSSION

4.1 SHOT CHEROKEE

Because the residual radiation level from Shot Cherokee wastoo low to be of any military

significance, the results were omitted from Chapter 3. However, this should not be interpreted

to mean that no fallout occurred; the evidence is clear that very light fallout was deposited over

a large portion of the predicted area.

Partly to obtain background data and provide a full-scale test of instrumentation and proced-

ures, and partly to verify that the fallout was as light as anticipated, all stations were activated

for the shot, and all exposed sampling trays were processed according to plan (Section 2.4).

Small amounts of fallout were observed on the YAG 40 and YAG 39; the collectors removed from

Skiffs AA, BB, CC, DD, GG, HH, MM, and VV wereslightly active; and low levels of activity

were also measured in two water samples collected by the SIO vessel DE 365. Results from all

other stations were negative.

The approximate position of each station during the collection interval is shown in Figure 4.1;

more exact locations for the skiffs and project ships are included in Tables 2.3 and 2.4. The

boundaries of the fallout pattern predicted by the methods described in Section 4.3.1 are also

given in the figure, and it may be seen that nearly all of the stations falling within the pattern

received somefallout. (Skiff PP and the LST 611 probably do not constitute exceptions, because

the former was overturned by the initial shock wave and the incremental collectors on the latter

were never triggered.)

On the YAG 40, an increase in normal background radiation was detected with a survey meter

at about H+6 hours, very close to the predicted time of fallout arrival. Although the ionization

rate never became high enoughfor significant TIR measurements, open-window survey meter

readings were continued until the level began to decrease. The results, plotted in Figure 4.2,

Show.a broad peak of about 0.25 mr/hr centered roughly on H+9 hours. In addition, a few active

particles were collected in two SIC and two IC trays during the same period; these results, ex-

Pressed in counts per minute per minute as before (Section 3.2.1), are given in Figure 4.3. The

Spread along the time axis reflects the fact that the SIC trays were exposed for longer intervals

than usual. ,

Radioautographs of the tray reagent films showedthat all of the activity on each one was ac-

counted for by a single particle, which appeared in every case to be a typical slurry droplet of

the type described in Section 3.3.2. Successive gamma-energy spectra and the photon-decay

rate of the most active tray (No. 729, ~6,200 counts/min at H+10 hours) were measured and

are presented in Figures 4.4 and 4.5. The prominent peaks appearing at ~ 100 and 220 kev in

the former appear to be due to Np’.
A slight rise in background radiation was also detected with a hand survey meter on the YAG

39. The open-window level increased from about 0.02 mr/hr at H+10 hours to 0.15 mr/hr at

H+12 hours, before beginning to decline. Only one IC tray was found to be active (No. 56

~ 9,200 counts/min at H+10 hours), and this was the control tray exposed on top of the collector

for 20 hours from 1300 on D-day to 0900 on D+1. Although about 25 smal! spots appeared on
the reagent film, they were arranged in a way that suggested the breakup of one larger slurry

Particle on impact; as on the YAG 40 trays, only NaCl crystals were visible under low-power

Optics in the active regions.

Plots of the gamma-energy spectrum and decay for this sample are included in Figures 4.4

and 4.5; the similarities of form in both cases suggest a minimum of radionuclide fractionation.
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�m�a�d�e�,�h�o�w�e�v�e�r�,�t�o �s�u�m�m�a�r�i�z�e�t�h�e�e�r�r�o�r�s�l�i�s�t�e�d�i�n �t�h�e�t�a�b�l�e�s�o�f �r�e�s�u�l�t�s�i�n �t�h�e�t�e�x�t�;�a�n�d�c�e�r�t�a�i�n

�s�m�a�l�l�e�r�r�o�r�s�,�s�u�c�h�a�s�t�h�o�s�e�i�n �S�t�a�t�i�o�n�l�o�c�a�t�i�o�n�s�i�n �t�h�e�l�a�g�o�o�n�a�r�e�a�a�n�d�i�n�s�t�r�u�m�e�n�t�e�x�p�o�s�u�r�e�a�n�d
�r�e�c�o�v�e�r�y�t�i�m�e�s�,�h�a�v�e�b�e�e�n�n�e�g�l�e�c�t�e�d�.

�A�l�t�h�o�u�g�h�t�h�e�r�e�m�a�i�n�i�n�g�e�s�t�i�m�a�t�e�s�a�r�e�b�a�s�e�d�p�r�i�m�a�r�i�l�y�o�n�e�x�p�e�r�i�e�n�c�e�a�n�d�j�u�d�g�m�e�n�t�,�c�o�m�m�e�n�t�s
�h�a�v�e�b�e�e�n�i�n�c�l�u�d�e�d�i�n �m�o�s�t�c�a�s�e�s�c�o�n�t�a�i�n�i�n�g�t�h�e�p�r�i�n�c�i�p�a�l�f�a�c�t�o�r�s�c�o�n�t�r�i�b�u�t�i�n�g�t�o �t�h�e�u�n�c�e�r�t�a�i�n�t�y�.

�T�h�e�f�o�l�l�o�w�i�n�g�c�l�a�s�s�i�f�i�c�a�t�i�o�n�s�y�s�t�e�m�i�s �e�m�p�l�o�y�e�d�,�g�i�v�i�n�g�b�o�t�h�a �q�u�a�l�i�t�y�r�a�t�i�n�g�a�n�d�,�w�h�e�r�e�a�p�p�l�i�-
�c�a�b�l�e�,�a �p�r�o�b�a�b�l�e�a�c�c�u�r�a�c�y�r�a�n�g�e�:

�C�l�a�s�s �Q�u�a�l�i�t�y �A�c�c�u�r�a�c�y�R�a�n�g�e

�A �E�x�c�e�l�l�e�n�t �+�0�t�o �1�0�p�e�r�c�e�n�t
�B �G�o�o�d �+ �1�0�t�o �2�5�p�e�r�c�e�n�t
�C�c �F�a�i�r �+ �2�5�t�o �5�0�p�e�r�c�e�n�t

�D �P�o�o�r �+ �= �5�0�p�e�r�c�e�n�t
�N �N�o�i�n�f�o�r�m�a�t�i�o�n�a�v�a�i�l�a�b�l�e

�4�.�3�. �C�O�R�R�E�L�A�T�I�O�N�S

�4�.�3�.�1 �F�a�l�l�o�u�t�P�r�e�d�i�c�t�i�o�n�s�.�A�s�a�p�a�r�t�o�f �o�p�e�r�a�t�i�o�n�s�i�n �t�h�e�P�r�o�g�r�a�m�2 �C�o�n�t�r�o�l�C�e�n�t�e�r�(�S�e�c�t�i�o�n

�2�.�4�)�, �s�u�c�c�e�s�s�i�v�e�p�r�e�d�i�c�t�i�o�n�s�w�e�r�e�m�a�d�e�o�f �t�h�e�l�o�c�a�t�i�o�n�o�f �t�h�e�b�o�u�n�d�a�r�i�e�s�a�n�d�h�o�t�l�i�n�e�o�f �t�h�e�f�a�l�l�-
�o�u�t�p�a�t�t�e�r�n�f�o�r �e�a�c�h�s�h�o�t�. �(�T�h�e�h�o�t�l�i�n�e�i�s �d�e�f�i�n�e�d�i�n �R�e�f�e�r�e�n�c�e�6�7�a�s�t�h�a�t�l�i�n�e�a�r�p�a�t�h�t�h�r�o�u�g�h

�t�h�e�f�a�l�l�o�u�t�a�r�e�a�a�l�o�n�g�w�h�i�c�h�t�h�e�h�i�g�h�e�s�t�l�e�v�e�l�s�o�f �a�c�t�i�v�i�t�y�o�c�c�u�r�r�e�l�a�t�i�v�e�t�o �t�h�e�l�e�v�e�l�s�i�n �a�d�j�a�c�e�n�t

�a�r�e�a�s�.�T�h�e�m�e�a�s�u�r�e�d�h�o�t�l�i�n�e�i�n �t�h�e�f�i�g�u�r�e�s�w�a�s�e�s�t�i�m�a�t�e�d�f�r�o�m�t�h�e�o�b�s�e�r�v�e�d�c�o�n�t�o�u�r�s�,�a�n�d
�t�h�e�b�o�u�n�d�a�r�y�e�s�t�a�b�l�i�s�h�e�d�a�t �t�h�e�l�o�w�e�s�t�i�s�o�d�o�s�e�-�r�a�t�e�l�i�n�e�w�h�i�c�h�w�a�s�w�e�l�l�d�e�l�i�n�e�a�t�e�d�.�)�T�h�e�f�i�n�a�l

�p�r�e�d�i�c�t�i�o�n�s�a�r�e�s�h�o�w�n�s�u�p�e�r�i�m�p�o�s�e�d�o�n�t�h�e�i�n�t�e�r�i�m�f�a�l�l�o�u�t�p�a�t�t�e�r�n�s�f�r�o�m�R�e�f�e�r�e�n�c�e�1�3�i�n �F�i�s�-
�u�r�e�s�4�.�6�t�h�r�o�u�g�h�4�.�9�. �A�l�l�o�w�a�n�c�e�h�a�s�b�e�e�n�m�a�d�e�f�o�r�t�i�m�e�v�a�r�i�a�t�i�o�n�o�f �t�h�e�w�i�n�d�s�d�u�r�i�n�g�S�h�o�t�s
�F�l�a�t�h�e�a�d�a�n�d�N�a�v�a�j�o�,�a�n�d�f�o�r�t�i�m�e�a�n�d�s�p�a�c�e�v�a�r�i�a�t�i�o�n�d�u�r�i�n�g�S�h�o�t�s�Z�u�n�i�a�n�d�T�e�w�a�.�P�r�e�d�i�c�t�e�d

�a�n�d�o�b�s�e�r�v�e�d �t�i�m�e�s�o�f �f�a�l�l�o�u�t�a�r�r�i�v�a�l�a�t �m�o�s�t�o�f �t�h�e�m�a�j�o�r�s�t�a�t�i�o�n�s�,�a�s�w�e�l�l�a�s�t�h�e�m�a�x�i�m�u�m
�p�a�r�t�i�c�l�e�s�i�z�e�s�p�r�e�d�i�c�t�e�d�a�n�d�o�b�s�e�r�v�e�d�a�t �t�i�m�e�s�o�f �a�r�r�i�v�a�l�,�p�e�a�k�,�a�n�d�c�e�s�s�a�t�i�o�n�,�a�r�e�a�l�s�o�c�o�m�-
�p�a�r�e�d�i�n �T�a�b�l�e�4�.�3�. �T�h�e�m�a�r�k�e�d�d�i�f�f�e�r�e�n�c�e�s�i�n �p�a�r�t�i�c�l�e�c�o�l�l�e�c�t�i�o�n�s�f�r�o�m�c�l�o�s�e�a�n�d�d�i�s�t�a�n�t�s�t�a�-
�t�i�o�n�s�a�r�e�i�l�l�u�s�t�r�a�t�e�d�i�n �F�i�g�u�r�e�4�.�1�0�. �I�n�t�h�e�m�a�j�o�r�i�t�y�o�f �c�a�s�e�s�,�a�g�r�e�e�m�e�n�t�i�s �c�l�o�s�e�e�n�o�u�g�h�t�o
�j�u�s�t�i�f�y�t�h�e�a�s�s�u�m�p�t�i�o�n�s�u�s�e�d�i�n �m�a�k�i�n�g�t�h�e�p�r�e�d�i�c�t�i�o�n�s�;�i�n �t�h�e�r�e�m�a�i�n�i�n�g�c�a�s�e�s�,�t�h�e�d�i�f�f�e�r�e�n�c�e�s
�a�r�e�s�u�g�g�e�s�t�i�v�e�o�f �t�h�e�w�a�y�i�n �w�h�i�c�h�t�h�e�s�e�a�s�s�u�m�p�t�i�o�n�s�s�h�o�u�l�d�b�e�a�l�t�e�r�e�d�.

�T�h�e�f�a�l�l�o�u�t�-�f�o�r�e�c�a�s�t�i�n�g�m�e�t�h�o�d�i�s �d�e�s�c�r�i�b�e�d�i�n �d�e�t�a�i�l�i�n �R�e�f�e�r�e�n�c�e�6�7�. �T�h�i�s�m�e�t�h�o�d�b�e�g�i�n�s
�w�i�t�h�a �v�e�r�t�i�c�a�l�-�l�i�n�e�s�o�u�r�c�e�a�b�o�v�e�t�h�e�s�h�o�t�p�o�i�n�t�,�a�n�d�a�S�s�u�m�e�s�t�h�a�t�a�l�l �p�a�r�t�i�c�l�e�s�i�z�e�s�e�x�i�s�t�a�t �a�b

�a�l�t�i�t�u�d�e�s�;�t�h�e�a�r�r�i�v�a�l�p�o�i�n�t�s�o�f �p�a�r�t�i�c�l�e�s�o�f �s�e�v�e�r�a�l�d�i�f�f�e�r�e�n�t�s�i�z�e�s�(�7�5�, �1�0�0�,�2�0�0�,�a�n�d�3�5�0�m�i�.
�i�n �d�i�a�m�e�t�e�r�i�n �t�h�i�s�c�a�s�e�)�,�o�r�i�g�i�n�a�t�i�n�g�a�t �t�h�e�c�e�n�t�e�r�s�o�f �s�u�c�c�e�s�s�i�v�e�5�,�0�0�0�-�f�o�o�t�a�l�t�i�t�u�d�e�i�n�c�r�=�"�t�-
�a�r�e�t�h�e�n�p�l�o�t�t�e�d�o�n�t�h�e�s�u�r�f�a�c�e�.�T�h�e�m�e�a�s�u�r�e�d�w�i�n�d�s�a�r�e�u�S�e�d�t�o �a�r�r�i�v�e�a�t �S�i�n�g�l�e�v�e�c�t�o�r�s�7�°

�r�e�s�e�n�t�a�t�i�v�e�o�f �t�h�e�w�i�n�d�s�i�n �e�a�c�h�l�a�y�e�r�,�a�n�d�t�h�e�s�e�v�e�c�t�o�r�s�a�r�e�a�p�p�l�i�e�d�t�o �t�h�e�p�a�r�t�i�c�l�e�f�o�r �t�h�e �5
�i�o�d�o�f �t�i�m�e�r�e�q�u�i�r�e�d�f�o�r �i�t �t�o �f�a�l�l �t�h�r�o�u�g�h�t�h�e�l�a�y�e�r�. �T�h�e�r�e�q�u�i�r�e�d�t�i�m�e�s�a�r�e�c�a�l�c�u�l�a�t�e�d ��r�o�=

�1�1�4



�e�q�u�a�t�i�o�n�s�f�o�r�p�a�r�t�i�c�l�e�t�e�r�m�i�n�a�l�v�e�l�o�c�i�t�y�,�o�f�t�h�e�f�o�r�m�d�e�s�c�r�i�b�e�d�b�y�D�a�l�l�a�v�a�l�l�e�.�S�u�c�h�e�q�u�a�t�i�o�n�s

�c�o�n�s�i�d�e�r�t�h�e�v�a�r�i�a�b�l�e�s�o�f �p�a�r�t�i�c�l�e�d�e�n�s�i�t�y�,�a�i�r �d�e�n�s�i�t�y�,�p�a�r�t�i�c�l�e�d�i�a�m�e�t�e�r�,�a�i�r �v�i�s�c�o�s�i�t�y�,�a�n�d

�c�o�n�s�t�a�n�t�s�i�n�c�o�r�p�o�r�a�t�i�n�g�t�h�e�e�f�f�e�c�t�s�o�f �g�r�a�v�i�t�y�a�n�d�p�a�r�t�i�c�l�e�s�h�a�p�e�.�(�M�o�d�i�f�i�e�d�v�e�r�s�i�o�n�s�o�f �t�h�e

�o�r�i�g�i�n�a�l�D�a�l�l�a�v�a�l�l�e�e�q�u�a�t�i�o�n�s�a�r�e�p�r�e�s�e�n�t�e�d�i�n �R�e�f�e�r�e�n�c�e�6�7�;�d�a�t�a�o�n�t�h�e�M�a�r�s�h�a�l�l�I�s�l�a�n�d�s�a�t�m�o�s�-

�p�h�e�r�e�r�e�q�u�i�r�e�d�t�o �e�v�a�l�u�a�t�e�a�i�r �d�e�n�s�i�t�y�a�n�d�a�i�r �v�i�s�c�o�s�i�t�y�a�r�e�a�l�s�o�g�i�v�e�n�i�n �t�h�i�s�r�e�f�e�r�e�n�c�e�.�)�T�h�e

�l�a�s�t�t�w�o�s�t�e�p�s�a�r�e�s�i�m�p�l�i�f�i�e�d�,�h�o�w�e�v�e�r�,�b�y�t�h�e�u�s�e�o�f �a�p�l�o�t�t�i�n�g�t�e�m�p�l�a�t�e�,�s�o�d�e�s�i�g�n�e�d�t�h�a�t�v�e�c�-

�t�o�r�s�l�a�i�d�o�f�f �i�n �t�h�e�w�i�n�d�d�i�r�e�c�t�i�o�n�,�t�o �t�h�e�w�i�n�d�s�p�e�e�d�,�a�u�t�o�m�a�t�i�c�a�l�l�y�i�n�c�l�u�d�e�t�e�r�m�i�n�a�l�v�e�l�o�c�i�t�y �.

�a�d�j�u�s�t�m�e�n�t�s�(�R�e�f�e�r�e�n�c�e�6�8�)�.
�S�i�z�e�l�i�n�e�s�r�e�s�u�l�t�f�r�o�m�c�o�n�n�e�c�t�i�n�g�t�h�e�s�u�r�f�a�c�e�-�a�r�r�i�v�a�l�p�o�i�n�t�s�f�o�r�p�a�r�t�i�c�l�e�s�o�f �t�h�e�s�a�m�e�s�i�z�e

�f�r�o�m�i�n�c�r�e�a�s�i�n�g�i�n�c�r�e�m�e�n�t�s�o�f �a�l�t�i�t�u�d�e�;�h�e�i�g�h�t�l�i�n�e�s�a�r�e�g�e�n�e�r�a�t�e�d�b�y�c�o�n�n�e�c�t�i�n�g�t�h�e�a�r�r�i�v�a�l

�p�o�i�n�t�s�o�f �p�a�r�t�i�c�l�e�s�o�f �d�i�f�f�e�r�e�n�t�s�i�z�e�s�f�r�o�m�t�h�e�s�a�m�e�a�l�t�i�t�u�d�e�s�.�T�h�e�s�e�t�w�o�t�y�p�e�s�o�f �l�i�n�e�s�f�o�r�m�a
�n�e�t�w�o�r�k�f�r�o�m�w�h�i�c�h�t�h�e�a�r�r�i�v�a�l�t�i�m�e�s�o�f �p�a�r�t�i�c�l�e�s�o�f �v�a�r�i�o�u�s�s�i�z�e�s�a�n�d�t�h�e�p�e�r�i�m�e�t�e�r�o�f�t�h�e�f�a�l�l�-

�o�u�t�p�a�t�t�e�r�n�m�a�y�b�e�e�s�t�i�m�a�t�e�d�,�o�n�c�e�t�h�e�a�r�r�i�v�a�l�p�o�i�n�t�s�r�e�p�r�e�s�e�n�t�i�n�g�t�h�e�l�i�n�e�s�o�u�r�c�e�h�a�v�e�b�e�e�n

�e�x�p�a�n�d�e�d�t�o �i�n�c�l�u�d�e�t�h�e�e�n�t�i�r�e�c�l�o�u�d�d�i�a�m�e�t�e�r�.�T�h�i�s�l�a�s�t�s�t�e�p�r�e�q�u�i�r�e�s�t�h�e�u�s�e�o�f �a �s�p�e�c�i�f�i�c

�c�l�o�u�d�m�o�d�e�l�.�T�h�e�m�o�d�e�l�t�h�a�t�w�a�s�u�s�e�d�i�n �a�r�r�i�v�i�n�g�a�t �t�h�e�r�e�s�u�l�t�s�o�f �F�i�g�u�r�e�s�4�.�6�t�h�r�o�u�g�h�4�.�9�a�n�d
�T�a�b�l�e�4�.�3�i�s �s�h�o�w�n�i�n �F�i�g�u�r�e�4�.�1�1�. �P�a�r�t�i�c�l�e�s�l�a�r�g�e�r�t�h�a�n�1�,�0�0�0�m�i�c�r�o�n�s�i�n �d�i�a�m�e�t�e�r�w�e�r�e�r�e�-
�s�t�r�i�c�t�e�d�t�o �t�h�e�s�t�e�m�r�a�d�i�u�s�,�o�r�i�n�n�e�r�1�0�p�e�r�c�e�n�t�o�f �t�h�e�c�l�o�u�d�r�a�d�i�u�s�,�w�h�i�l�e�t�h�o�s�e�f�r�o�m�5�0�0�t�o

�1�,�0�0�0�m�i�c�r�o�n�s�i�n �d�i�a�m�e�t�e�r�w�e�r�e�l�i�m�i�t�e�d�t�o �t�h�e�i�n�n�e�r�5�0�p�e�r�c�e�n�t�o�f �t�h�e�c�l�o�u�d�r�a�d�i�u�s�;�a�l�l �p�a�r�t�i�c�l�e

�s�i�z�e�s�w�e�r�e�a�s�s�u�m�e�d�t�o �b�e�c�o�n�c�e�n�t�r�a�t�e�d�p�r�i�m�a�r�i�l�y�i�n �t�h�e�l�o�w�e�r�t�h�i�r�d�o�f �t�h�e�c�l�o�u�d�a�n�d�u�p�p�e�r�t�h�i�r�d
�o�f �t�h�e�s�t�e�m�.

�T�h�e�d�i�m�e�n�s�i�o�n�s�s�h�o�w�n�i�n�t�h�e�f�i�g�u�r�e�s�w�e�r�e�d�e�r�i�v�e�d�f�r�o�m�e�m�p�i�r�i�c�a�l�c�u�r�v�e�s�a�v�a�i�l�a�b�l�e�i�n �t�h�e
�f�i�e�l�d�, �r�e�l�a�t�i�n�g�c�l�o�u�d�h�e�i�g�h�t�a�n�d�d�i�a�m�e�t�e�r�t�o �d�e�v�i�c�e�y�i�e�l�d�(�R�e�f�e�r�e�n�c�e�6�7�)�. �A�c�t�u�a�l�p�h�o�t�o�g�r�a�p�h�i�c

�m�e�a�s�u�r�e�m�e�n�t�s�o�f �t�h�e�c�l�o�u�d�s�f�r�o�m�R�e�f�e�r�e�n�c�e�6�9�w�e�r�e�u�s�e�d�w�h�e�r�e�v�e�r�p�o�s�s�i�b�l�e�,�h�o�w�e�v�e�r�,�f�o�r

�s�u�b�s�e�q�u�e�n�t�c�a�l�c�u�l�a�t�i�o�n�s�l�e�a�d�i�n�g�t�o�r�e�s�u�l�t�s�t�a�b�u�l�a�t�e�d�i�n �T�a�b�l�e�4�.�3�.

�T�h�e�l�o�c�a�t�i�o�n�o�f �t�h�e�h�o�t�l�i�n�e�f�o�l�l�o�w�s�d�i�r�e�c�t�l�y�f�r�o�m�t�h�e�a�s�s�u�m�e�d�c�l�o�u�d�m�o�d�e�l�,�b�e�i�n�g�d�e�t�e�r�m�i�n�e�d
�b�y�t�h�e�h�e�i�g�h�t�l�i�n�e�s�f�r�o�m�t�h�e�l�o�w�e�r�t�h�i�r�d�o�f �t�h�e�c�l�o�u�d�,�s�u�c�c�e�s�s�i�v�e�l�y�c�o�r�r�e�c�t�e�d�f�o�r �t�i�m�e�a�n�d�,�s�o�m�e�-
�t�i�m�e�s�,�s�p�a�c�e�v�a�r�i�a�t�i�o�n�o�f �t�h�e�w�i�n�d�s�.�T�i�m�e�v�a�r�i�a�t�i�o�n�w�a�s�a�p�p�l�i�e�d�i�n �t�h�e�f�i�e�l�d�i�n �a�l�l �c�a�s�e�s�,�b�u�t

�S�p�a�c�e�v�a�r�i�a�t�i�o�n�l�a�t�e�r�a�n�d�o�n�l�y�i�n �c�a�s�e�s�o�f �g�r�o�s�s�d�i�s�a�g�r�e�e�m�e�n�t�.�T�h�e�p�r�o�c�e�d�u�r�e�g�e�n�e�r�a�l�l�y�f�o�l�l�o�w�e�d
�w�a�s�t�o �a�p�p�l�y�t�h�e�v�a�r�i�a�t�i�o�n�o�f �t�h�e�w�i�n�d�s�i�n �t�h�e�c�a�s�e�o�f �t�h�e�7�5�-�a�n�d�1�0�0�-�m�i�c�r�o�n�p�a�r�t�i�c�l�e�s�a�n�d�u�s�e

�S�h�o�t�-�t�i�m�e�w�i�n�d�s�f�o�r �t�h�e�h�e�a�v�i�e�r�p�a�r�t�i�c�l�e�s�.�W�i�n�d�d�a�t�a�o�b�t�a�i�n�e�d�f�r�o�m�b�a�l�l�o�o�n�r�u�n�s�a�t �3�-�h�o�u�r�i�n�t�e�r�-

�v�a�l�s�b�y�t�h�e�T�a�s�k�F�o�r�c�e�w�e�r�e�u�s�e�d�b�o�t�h�t�o �e�s�t�a�b�l�i�s�h�t�h�e�i�n�i�t�i�a�l�s�h�o�t�-�t�i�m�e�w�i�n�d�s�a�n�d�m�a�k�e�t�h�e
�c�o�r�r�e�c�t�i�o�n�s�f�o�r �t�i�m�e�a�n�d�s�p�a�c�e�v�a�r�i�a�t�i�o�n�.�T�h�e�c�a�l�c�u�l�a�t�i�o�n�s�f�o�r�S�h�o�t�Z�u�n�i�a�r�e�s�u�m�m�a�r�i�z�e�d�f�o�r

�W�u�s�t�r�a�t�i�v�e�p�u�r�p�o�s�e�s�i�n �T�a�b�l�e�B�.�2�9�.
�I�t �i�s �o�f �p�a�r�t�i�c�u�l�a�r�i�n�t�e�r�e�s�t�t�o �n�o�t�e�t�h�a�t�i�t �w�a�s�n�e�c�e�s�s�a�r�y�t�o �c�o�n�s�i�d�e�r�b�o�t�h�t�i�m�e�a�n�d�s�p�a�c�e�v�a�r�-

�i�a�t�i�o�n�o�f �t�h�e�w�i�n�d�s�f�o�r�S�h�o�t�s�Z�u�n�i�a�n�d�T�e�w�a�i�n �o�r�d�e�r�t�o�b�r�i�n�g�t�h�e�f�o�r�e�c�a�s�t�p�a�t�t�e�r�n�s�i�n�t�o�g�e�n�e�r�a�l
�a�g�r�e�e�m�e�n�t�w�i�t�h�t�h�e�m�e�a�s�u�r�e�d�p�a�t�t�e�r�n�s�.�V�e�r�t�i�c�a�l�a�i�r �m�o�t�i�o�n�s�w�e�r�e�c�o�n�s�i�d�e�r�e�d�f�o�r�S�h�o�t�Z�u�n�i�b�u�t

�f�o�u�n�d�t�o �h�a�v�e�l�i�t�t�l�e �e�f�f�e�c�t�o�n�t�h�e�o�v�e�r�a�l�l�r�e�s�u�l�t�. �I�t �i�s �a�l�s�o�o�f �i�n�t�e�r�e�s�t�t�o �o�b�s�e�r�v�e�t�h�a�t�t�h�e�a�g�r�e�e�-
�m�e�n�t�a�c�h�i�e�v�e�d�w�a�s�n�e�a�r�l�y�a�s�g�o�o�d�f�o�r�S�h�o�t�s�F�l�a�t�h�e�a�d�a�n�d�N�a�v�a�j�o�w�i�t�h�n�o�a�l�l�o�w�a�n�c�e�f�o�r�s�p�a�c�e
�V�a�r�i�a�t�i�o�n�a�s�f�o�r�S�h�o�t�s�Z�u�n�i�a�n�d�T�e�w�a�w�i�t�h�t�h�i�s�f�a�c�t�o�r�i�n�c�l�u�d�e�d�,�i�n �s�p�i�t�e�o�f �t�h�e�f�a�c�t�t�h�a�t�t�h�e�f�a�l�l�o�u�t

�f�r�o�m�t�h�e�f�o�r�m�e�r�c�o�n�s�i�s�t�e�d�o�f �s�l�u�r�r�y�r�a�t�h�e�r�t�h�a�n�s�o�l�i�d�p�a�r�t�i�c�l�e�s�b�e�l�o�w�t�h�e�f�r�e�e�z�i�n�g�l�e�v�e�l�(�S�e�c�t�i�o�n�s
�3�.�3�.�1�a�n�d�3�.�3�.�2�)�. �W�h�e�t�h�e�r�t�h�i�s�d�i�f�f�e�r�e�n�c�e�c�a�n�b�e�a�t�t�r�i�b�u�t�e�d�t�o �t�h�e�g�r�o�s�s�d�i�f�f�e�r�e�n�c�e�s�i�n �t�h�e�n�a�t�u�r�e
�a�f �t�h�e�f�a�l�l�o�u�t�,�i�s �n�o�t�k�n�o�w�n�.

�4�.�3�.�2�S�a�m�p�l�i�n�g�B�i�a�s�.�W�h�e�n�s�o�l�i�d�o�b�j�e�c�t�s�u�c�h�a�s�a�c�o�l�l�e�c�t�i�n�g�t�r�a�y�i�s �p�l�a�c�e�d�i�n �a�u�n�i�f�o�r�m
�a�i�r �S�t�r�e�a�m�,�t�h�e�s�t�r�e�a�m�l�i�n�e�s�i�n �i�t�s �i�m�m�e�d�i�a�t�e�v�i�c�i�n�i�t�y�b�e�c�o�m�e�d�i�s�t�o�r�t�e�d�,�a�n�d�s�m�a�l�l�p�a�r�t�i�c�l�e�s

�f�a�l�l�i�n�g�i�n�t�o�t�h�e�r�e�g�i�o�n�w�i�l�l�b�e �a�c�c�e�l�e�r�a�t�e�d�a�n�d�d�i�s�p�l�a�c�e�d�.�A�s�a�r�e�s�u�l�t�,�a�n�o�n�r�e�p�r�e�s�e�n�t�a�t�i�v�e�o�r
�b�i�a�s�e�d�S�a�m�p�l�e�m�a�y�b�e�c�o�l�l�e�c�t�e�d�.�A�l�t�h�o�u�g�h�t�h�e�t�r�a�y�w�i�l�l �c�o�l�l�e�c�t�a�f�e�w�p�a�r�t�i�c�l�e�s�t�h�a�t�o�t�h�e�r�w�i�s�e
�W�o�u�l�d�n�o�t�h�a�v�e�b�e�e�n�d�e�p�o�s�i�t�e�d�,�t�h�e�g�e�o�m�e�t�r�y�i�s �s�u�c�h�t�h�a�t�a�l�a�r�g�e�r�n�u�m�b�e�r�t�h�a�t�w�o�u�l�d�h�a�v�e�f�a�l�l�e�n
�t�h�r�o�u�g�h�t�h�e�a�r�e�a�o�c�c�u�p�i�e�d�b�y�t�h�e�t�r�a�y�w�i�l�l �a�c�t�u�a�l�l�y�f�a�l�l �e�l�s�e�w�h�e�r�e�.�I�n �a�n�e�x�t�r�e�m�e�c�a�s�e�o�f �s�m�a�l�l�,
�l�i�g�h�t�p�a�r�t�i�c�l�e�s�a�n�d�h�i�g�h�w�i�n�d�v�e�l�o�c�i�t�y�,�p�r�a�c�t�i�c�a�l�l�y�a�l�l �o�f �t�h�e�p�a�r�t�i�c�l�e�s�c�o�u�l�d�b�e�d�e�p�o�s�i�t�e�d�e�l�s�e�-
�W�h�e�r�e�,�b�e�c�a�u�s�e�t�h�e�n�u�m�b�e�r�d�e�p�o�s�i�t�e�d�e�l�s�e�w�h�e�r�e�g�e�n�e�r�a�l�l�y�i�n�c�r�e�a�s�e�s�w�i�t�h�i�n�c�r�e�a�s�i�n�g�w�i�n�d�v�e�l�o�c�-
�\�t�y �a�n�d�d�e�c�r�e�a�s�i�n�g�p�a�r�t�i�c�l�e�s�i�z�e�a�n�d�d�e�n�s�i�t�y�. �.

�T�h�i�s�e�f�f�e�c�t�h�a�s�l�o�n�g�b�e�e�n�r�e�c�o�g�n�i�z�e�d�i�n �r�a�i�n�f�a�l�l�s�a�m�p�l�i�n�g�,�a�n�d�s�o�m�e�e�x�p�e�r�i�m�e�n�t�a�i�c�o�l�l�e�c�t�o�r�s
�h�a�v�e�b�e�e�n�e�q�u�i�p�p�e�d�w�i�t�h�a�t�h�i�n�h�o�r�i�z�o�n�t�a�l�w�i�n�d�s�h�i�e�l�d�d�e�s�i�g�n�e�d�t�o �m�i�n�i�m�i�z�e�s�t�r�e�a�m�l�i�n�e�d�i�s�t�o�r�t�i�o�n
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�(�R�e�f�e�r�e�n�c�e�7�2�)�. �T�h�e�s�a�m�p�l�i�n�g�o�f �s�o�l�i�d�f�a�l�l�o�u�t�p�a�r�t�i�c�l�e�s�p�r�e�s�e�n�t�s�e�v�e�n�m�o�r�e�s�e�v�e�r�e�p�r�o�b�l�e�m�s�,

�h�o�w�e�v�e�r�,�b�e�c�a�u�s�e�t�h�e�p�a�r�t�i�c�l�e�s�m�a�y�a�l�s�o�b�l�o�w�o�u�t�o�f�t�h�e�t�r�a�y�a�f�t�e�r�b�e�i�n�g�c�o�l�l�e�c�t�e�d�,�p�r�o�d�u�c�i�n�g

�a�n�a�d�d�i�t�i�o�n�a�l�d�e�f�i�c�i�t�i�n �t�h�e�s�a�m�p�l�e�.

�I�n �a�d�d�i�t�i�o�n�,�s�a�m�p�l�e�s�c�o�l�l�e�c�t�e�d�i�n �i�d�e�n�t�i�c�a�l�c�o�l�l�e�c�t�o�r�s�l�o�c�a�t�e�d�r�e�l�a�t�i�v�e�l�y�c�l�o�s�e�t�o�g�e�t�h�e�r�t�n�a

�f�i�x�e�d�a�r�r�a�y�h�a�v�e�b�e�e�n�f�o�u�n�d�t�o �v�a�r�y�w�i�t�h�t�h�e�p�o�s�i�t�i�o�n�o�f�t�h�e�c�o�l�l�e�c�t�o�r�i�n �t�h�e�a�r�r�a�y�a�n�d�i�t�s �h�e�i�g�h�t

�a�b�o�v�e�t�h�e�g�r�o�u�n�d�(�R�e�f�e�r�e�n�c�e�s�1�0�a�n�d�7�2�)�. �I�t �f�o�l�l�o�w�s�f�r�o�m�s�u�c�h�s�t�u�d�i�e�s�t�h�a�t�b�o�t�h�d�u�p�l�i�c�a�t�i�o�n�a�n�g

�r�e�p�l�i�c�a�t�i�o�n�o�f �s�a�m�p�l�i�n�g�a�r�e�n�e�c�e�s�s�a�r�y�t�o �o�b�t�a�i�n�s�i�g�n�i�f�i�c�a�n�t�r�e�s�u�l�t�s�.

�C�o�n�s�i�d�e�r�a�t�i�o�n�w�a�s�g�i�v�e�n�t�o �e�a�c�h�o�f �t�h�e�s�e�p�r�o�b�l�e�m�s�i�n �t�h�e�d�e�s�i�g�n�o�f �t�h�e�s�a�m�p�l�i�n�g�s�t�a�t�i�o�n�s�.�A�n�-

�a�t�t�e�m�p�t�w�a�s�m�a�d�e�t�o �m�i�n�i�m�i�z�e�a�n�d�s�t�a�n�d�a�r�d�i�z�e�s�t�r�e�a�m�l�i�n�e�d�i�s�t�o�r�t�i�o�n�b�y�p�l�a�c�i�n�g�h�o�r�i�z�o�n�t�a�l�w�i�n�d�.

�s�h�i�e�l�d�s�a�r�o�u�n�d�a�l�l �m�a�j�o�r�a�r�r�a�y�p�l�a�t�f�o�r�m�s�a�n�d�k�e�e�p�i�n�g�t�h�e�i�r�g�e�o�m�e�t�r�i�e�s�c�o�n�s�t�a�n�t�.�(�T�h�e�f�l�o�w

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�o�f �t�h�e�s�t�a�n�d�a�r�d�p�l�a�t�f�o�r�m�w�e�r�e�s�t�u�d�i�e�d�b�o�t�h�b�y�s�m�a�l�l�-�s�c�a�l�e�w�i�n�d�-�t�u�n�n�e�l�t�e�s�t�s�a�n�g�|

�m�e�a�s�u�r�e�m�e�n�t�s�m�a�d�e�o�n�t�h�e�m�o�u�n�t�e�d�p�l�a�t�f�o�r�m�p�r�i�o�r�t�o �t�h�e�o�p�e�r�a�t�i�o�n�(�R�e�f�e�r�e�n�c�e�7�3�)�. �I�t �w�a�s

�f�o�u�n�d�t�h�a�t�a �r�e�c�i�r�c�u�l�a�t�o�r�y�f�l�o�w�,�r�e�s�u�l�t�i�n�g�i�n �u�p�d�r�a�f�t�s�o�n�t�h�e�u�p�w�i�n�d�s�i�d�e�a�n�d�d�o�w�n�d�r�a�f�t�s�o�n�t�h�e

�d�o�w�n�w�i�n�d�s�i�d�e�,�d�e�v�e�l�o�p�e�d�i�n�s�i�d�e�t�h�e�p�l�a�t�f�o�r�m�w�i�t�h�i�n�c�r�e�a�s�i�n�g�w�i�n�d�v�e�l�o�c�i�t�y�,�l�e�a�d�i�n�g�t�o �a�p�p�r�o�x�i�-

�m�a�t�e�l�y�t�h�e�s�a�m�e�s�t�r�e�a�m�l�i�n�e�d�i�s�t�o�r�t�i�o�n�i�n �e�v�e�r�y�c�a�s�e�.�)�S�i�m�i�l�a�r�w�i�n�d�s�h�i�e�l�d�s�w�e�r�e�u�s�e�d�f�o�r�t�h�e
�S�I�C�o�n�t�h�e�Y�A�G�4�0�a�n�d�t�h�e�d�e�c�a�y�p�r�o�b�e�t�a�n�k�o�n�t�h�e�Y�A�G�3�9�, �a�n�d�f�u�n�n�e�l�s�w�e�r�e�s�e�l�e�c�t�e�d�f�o�r�t�h�e

�m�i�n�o�r�a�r�r�a�y�c�o�l�l�e�c�t�o�r�s�p�a�r�t�l�y�f�o�r�t�h�e�s�a�m�e�r�e�a�s�o�n�.

�H�o�n�e�y�c�o�m�b�i�n�s�e�r�t�s�,�w�h�i�c�h�c�r�e�a�t�e�d�d�e�a�d�-�a�i�r�c�e�l�l�s�t�o�p�r�e�v�e�n�t�l�o�s�s�o�f �m�a�t�e�r�i�a�l�,�w�e�r�e�u�s�e�d�i�n

�a�l�l �O�C�C�a�n�d�A�O�C�c�o�l�l�e�c�t�o�r�s�.�T�h�i�s�c�h�o�i�c�e�r�e�p�r�e�s�e�n�t�e�d�a�c�o�m�p�r�o�m�i�s�e�b�e�t�w�e�e�n�t�h�e�c�o�n�f�l�i�c�t�i�n�g
�d�e�m�a�n�d�s�f�o�r�h�i�g�h�c�o�l�l�e�c�t�i�o�n�e�f�f�i�c�i�e�n�c�y�,�e�a�s�e�o�f �s�a�m�p�l�e�r�e�m�o�v�a�l�,�a�n�d�f�r�e�e�d�o�m�f�r�o�m�a�d�u�l�t�e�r�a�n�t�s

�i�n �s�u�b�s�e�q�u�e�n�t�c�h�e�m�i�c�a�l�a�n�d�r�a�d�i�o�c�h�e�m�i�c�a�l�a�n�a�l�y�s�e�s�. �°
�R�e�t�e�n�t�i�v�e�g�r�e�a�s�e�s�u�r�f�a�c�e�s�,�u�s�e�d�i�n �t�h�e�I�C�t�r�a�y�s�d�e�s�i�g�n�e�d�f�o�r�s�o�l�i�d�-�p�a�r�t�i�c�l�e�s�a�m�p�l�i�n�g�,�f�a�c�i�l�i�-

�t�a�t�e�d�s�i�n�g�l�e�-�p�a�r�t�i�c�l�e�r�e�m�o�v�a�l�.
�A�l�l �t�o�t�a�l�c�o�l�l�e�c�t�o�r�s�w�e�r�e�d�u�p�l�i�c�a�t�e�d�i�n �a �s�t�a�n�d�a�r�d�a�r�r�a�n�g�e�m�e�n�t�f�o�r�t�h�e�m�a�j�o�r�a�r�r�a�y�s�;�a�n�d

�t�h�e�s�e�a�r�r�a�y�s�,�l�i�k�e�t�h�e�m�i�n�o�r�a�r�r�a�y�s�,�w�e�r�e�d�i�s�t�r�i�b�u�t�e�d�t�h�r�o�u�g�h�o�u�t�t�h�e�f�a�l�l�o�u�t�a�r�e�a�a�n�d�u�t�i�l�i�z�e�d �
�f�o�r�a�l�l �s�h�o�t�s�t�o�p�r�o�v�i�d�e�a�d�e�q�u�a�t�e�r�e�p�l�i�c�a�t�i�o�n�.

�A�t�t�h�e�m�o�s�t�,�s�u�c�h�p�r�e�c�a�u�t�i�o�n�s�m�a�k�e�i�t �p�o�s�s�i�b�l�e�t�o �r�e�l�a�t�e�c�o�l�l�e�c�t�i�o�n�s�m�a�d�e�b�y�t�h�e�s�a�m�e�k�i�n�d
�o�f �s�a�m�p�l�i�n�g�a�r�r�a�y�s�;�t�h�e�y�d�o�n�o�t�i�n�s�u�r�e�a�b�s�o�l�u�t�e�,�u�n�b�i�a�s�e�d�c�o�l�l�e�c�t�i�o�n�s�.�I�n �e�f�f�e�c�t�,�t�h�i�s�m�e�a�n�s
�t�h�a�t�, �w�h�i�l�e�a�l�l �m�e�a�s�u�r�e�m�e�n�t�s�m�a�d�e�b�y�m�a�j�o�r�a�r�r�a�y�s�m�a�y�c�o�n�s�t�i�t�u�t�e�o�n�e�s�e�l�f�-�c�o�n�s�i�s�t�e�n�t�s�e�t�,�a�n�d

�t�h�o�s�e�m�a�d�e�b�y�m�i�n�o�r�a�r�r�a�y�s�a�n�o�t�h�e�r�,�i�t �i�s �n�o�t�c�e�r�t�a�i�n�w�h�a�t�p�o�r�t�i�o�n�o�f �t�h�e�t�o�t�a�l�d�e�p�o�s�i�t�e�d�f�a�l�l�o�u�t
�t�h�e�s�e�s�e�t�s�r�e�p�r�e�s�e�n�t�.�A�s�e�x�p�l�a�i�n�e�d�e�a�r�l�i�e�r�(�S�e�c�t�i�o�n�3�.�1�)�,�t�h�i�s�i�s �o�n�e�r�e�a�s�o�n�w�h�y�r�a�d�i�o�l�o�g�i�c�a�l
�p�r�o�p�e�r�t�i�e�s�h�a�v�e�b�e�e�n�e�x�p�r�e�s�s�e�d�o�n�a�u�n�i�t�b�a�s�i�s�w�h�e�r�e�v�e�r�p�o�s�s�i�b�l�e�.�E�f�f�o�r�t�s�t�o �i�n�t�e�r�p�r�e�t�p�l�a�t�f�o�r�m

�c�o�l�l�e�c�t�i�o�n�s�i�n�c�l�u�d�e�a�d�i�s�c�u�s�s�i�o�n�a�n�d�t�r�e�a�t�m�e�n�t�o�f �t�h�e�r�e�l�a�t�i�v�e�b�i�a�s�o�b�s�e�r�v�e�d�w�i�t�h�i�n�t�h�e�p�l�a�t�f�o�r�m�s�,
�a�s�w�e�l�l�a�s�c�o�m�p�a�r�i�s�o�n�s�o�f �t�h�e�r�e�s�u�l�t�i�n�g�p�l�a�t�f�o�r�m�v�a�l�u�e�s�w�i�t�h�b�u�r�i�e�d�-�t�r�a�y�a�n�d�m�i�n�o�r�a�r�r�a�y�c�o�l�-

�l�e�c�t�i�o�n�s�o�n�H�o�w�I�s�l�a�n�d�,�w�a�t�e�r�s�a�m�p�l�i�n�g�a�n�d�Y�A�G�3�9�t�a�n�k�c�o�l�l�e�c�t�i�o�n�s�,�a�n�d�a�s�e�r�i�e�s�o�f �p�o�s�t�o�p�e�r�a�-
�t�i�o�n�r�a�i�n�f�a�l�l�m�e�a�s�u�r�e�m�e�n�t�s�m�a�d�e�a�t �N�R�D�L�.

�R�e�l�a�t�i�v�e�P�l�a�t�f�o�r�m�B�i�a�s�. �T�h�e�a�m�o�u�n�t�o�f�f�a�l�l�o�u�t�c�o�l�l�e�c�t�e�d�b�y�t�h�e�O�C�C�a�n�d�A�O�C�,�c�o�l�-
�l�e�c�t�o�r�s�i�n �t�h�e�u�p�w�i�n�d�p�a�r�t�o�f �t�h�e�s�t�a�n�d�a�r�d�p�l�a�t�f�o�r�m�w�a�s�l�o�w�e�r�t�h�a�n�t�h�a�t�c�o�l�l�e�c�t�e�d�i�n �t�h�e�d�o�w�n�w�i�n�d
�p�o�r�t�i�o�n�.�I�t �w�a�s�d�e�m�o�n�s�t�r�a�t�e�d�i�n �R�e�f�e�r�e�n�c�e�7�4�t�h�a�t�t�h�e�s�e�a�m�o�u�n�t�s�u�s�u�a�l�l�y�v�a�r�i�e�d�s�y�m�m�e�t�r�i�c�a�l�l�y

�a�r�o�u�n�d�t�h�e�p�l�a�t�f�o�r�m�w�i�t�h�r�e�s�p�e�c�t�t�o �w�i�n�d�d�i�r�e�c�t�i�o�n�,�a�n�d�t�h�a�t�t�h�e�d�i�r�e�c�t�i�o�n�e�s�t�a�b�l�i�s�h�e�d�b�y�t�h�e�l�i�n�e

�c�o�n�n�e�c�t�i�n�g�t�h�e�i�n�t�e�r�p�o�l�a�t�e�d�m�a�x�i�m�u�m�a�n�d�m�i�n�i�m�u�m�c�o�l�l�e�c�t�i�o�n�s�(�o�b�s�e�r�v�e�d�b�i�a�s�d�i�r�e�c�t�i�o�n�)�c�o�i�n�-
�c�i�d�e�d�w�i�t�h�t�h�e�w�i�n�d�d�i�r�e�c�t�i�o�n�.�A�r�e�l�a�t�i�v�e�w�i�n�d�v�a�r�y�i�n�g�w�i�t�h�t�i�m�e�d�u�r�i�n�g�f�a�l�l�o�u�t�w�a�s�t�r�e�a�t�e�d�b�y
�v�e�c�t�o�r�i�a�l�s�u�m�m�a�t�i�o�n�,�w�i�t�h�t�h�e�m�a�g�n�i�t�u�d�e�o�f �e�a�c�h�d�i�r�e�c�t�i�o�n�a�l�v�e�c�t�o�r�p�r�o�p�o�r�t�i�o�n�a�l�t�o �t�h�e�a�m�o�u�n�t
�o�f�f�a�l�l�o�u�t�o�c�c�u�r�r�i�n�g�i�n �t�h�a�t�t�i�m�e�. �(�V�a�r�i�a�t�i�o�n�s�i�n �t�h�e�r�e�l�a�t�i�v�e�w�i�n�d�w�e�r�e�c�a�u�s�e�d�p�r�i�n�c�i�p�a�l�l�y�b�y

�s�h�i�p�m�a�n�e�u�v�e�r�s�,�o�r�b�y�o�s�c�i�l�l�a�t�i�o�n�o�f �t�h�e�a�n�c�h�o�r�e�d�b�a�r�g�e�s�u�n�d�e�r�t�h�e�i�n�f�l�u�e�n�c�e�o�f �w�i�n�d�a�n�d�c�u�r�-

�r�e�n�t�;�d�i�r�e�c�t�i�o�n�s�v�a�r�y�i�n�g�w�i�t�h�i�n�+�1�5�d�e�g�r�e�e�s�w�e�r�e�c�o�n�s�i�d�e�r�e�d�c�o�n�s�t�a�n�t�.�)�T�h�e�r�e�s�u�l�t�i�n�g�c�o�l�l�e�c�t�i�o�n

�p�a�t�t�e�r�n�w�i�t�h�r�e�s�p�e�c�t�t�o�t�h�e�w�e�i�g�h�t�e�d�w�i�n�d�r�e�s�u�l�t�a�n�t�(�c�o�m�p�u�t�e�d�b�i�a�s�d�i�r�e�c�t�i�o�n�)�w�a�s�s�i�m�i�l�a�r�t�o �t�h�a�t
�f�o�r�a �s�i�n�g�l�e�w�i�n�d�,�a�l�t�h�o�u�g�h�t�h�e�r�a�t�i�o�o�f �t�h�e�m�a�x�i�m�u�m�t�o �t�h�e�m�i�n�i�m�u�m�c�o�l�l�e�c�t�i�o�n�(�b�i�a�s�r�a�t�i�o�)�w�a�s
�u�s�u�a�l�l�y�n�e�a�r�e�r�u�n�i�t�y�,�a�n�d�t�h�e�b�i�a�s�d�i�r�e�c�t�i�o�n�c�o�r�r�e�s�p�o�n�d�i�n�g�l�y�l�e�s�s�c�e�r�t�a�i�n�.

�T�h�e�v�a�r�i�a�b�i�l�i�t�y�i�n �r�e�l�a�t�i�v�e�-�w�i�n�d�d�i�r�e�c�t�i�o�n�a�n�d�f�a�l�l�o�u�t�r�a�t�e�,�w�h�i�c�h�c�o�u�l�d�u�n�d�e�r�c�e�r�t�a�i�n�c�o�n�d�i�-

�t�i�o�n�s�p�r�o�d�u�c�e�a�u�n�i�f�o�r�m�c�o�l�l�e�c�t�i�o�n�a�r�o�u�n�d�t�h�e�p�l�a�t�i�o�r�m�,�m�a�y�b�e�e�x�p�r�e�s�s�e�d�a�s�a�b�i�a�s�f�r�a�c�t�i�o�n

�(�d�e�f�i�n�e�d�i�n �R�e�f�e�r�e�n�c�e�7�4�a�s�t�h�e�m�a�g�n�i�t�u�d�e�o�f �t�h�e�r�e�s�u�l�t�a�n�t�v�e�c�t�o�r�m�e�n�t�i�o�n�e�d�a�b�o�v�e�d�i�v�i�d�e�d�b�y

�t�h�e�a�r�i�t�h�m�e�t�i�c�s�u�m�o�f �t�h�e�i�n�d�i�v�i�d�u�a�l�v�e�c�t�o�r�m�a�g�n�i�t�u�d�e�s�)�.�I�n �e�f�f�e�c�t�,�t�h�i�s�f�r�a�c�t�i�o�n�r�e�p�r�e�s�e�n�t�s�a

�m�e�a�s�u�r�e�o�f �t�h�e�d�e�g�r�e�e�o�f �s�i�n�g�l�e�-�w�i�n�d�d�e�p�o�s�i�t�i�o�n�p�u�r�i�t�y�,�b�e�c�a�u�s�e�t�h�e�b�i�a�s�f�r�a�c�t�i�o�n�i�n �s�u�c�h�a�c�a�s�e

�1�1�6



�w�o�u�l�d�b�e�1�; �o�n�t�h�e�o�t�h�e�r�h�a�n�d�,�t�h�e�r�e�s�u�l�t�a�n�t�v�e�c�t�o�r�w�o�u�l�d�v�a�n�i�s�h�f�o�r�a�w�i�n�d�t�h�a�t�r�o�t�a�t�e�d�u�n�i�f�o�r�m�l�y
�a�r�o�u�n�d�t�h�e�p�l�a�t�f�o�r�m�a�n�i�n�t�e�g�r�a�l�n�u�m�b�e�r�o�f�t�i�m�e�s�d�u�r�i�n�g�u�n�i�f�o�r�m�f�a�l�l�o�u�t�,�a�n�d�t�h�e�f�r�a�c�t�i�o�n�w�o�u�l�d

�-�b�e�0�. �.
�W�h�e�r�e�n�e�c�e�s�s�a�r�y�,�t�h�e�m�e�a�n�v�a�l�u�e�o�f �t�h�e�f�o�u�r�O�C�C�a�n�d�t�w�o�A�O�C�,�c�o�l�l�e�c�t�o�r�s�w�a�s�c�h�o�s�e�n�a�s

�r�e�p�r�e�s�e�n�t�a�t�i�v�e�f�o�r�a�p�l�a�t�f�o�r�m�;�b�u�t�w�h�e�n�a�c�u�r�v�e�o�f �f�a�l�l�o�u�t�a�m�o�u�n�t�v�e�r�s�u�s�a�n�g�u�l�a�r�d�i�s�p�l�a�c�e�m�e�n�t
�f�r�o�m�t�h�e�b�i�a�s�d�i�r�e�c�t�i�o�n�c�o�u�l�d�b�e�c�o�n�s�t�r�u�c�t�e�d�u�s�i�n�g�t�h�e�s�e�c�o�l�l�e�c�t�i�o�n�s�,�t�h�e�m�e�a�n�v�a�l�u�e�o�f �t�h�e�c�u�r�v�e

�w�a�s�o�b�t�a�i�n�e�d�f�r�o�m�1�0�e�q�u�i�s�p�a�c�e�d�v�a�l�u�e�s�b�e�t�w�e�e�n�0 �a�n�d�1�8�0�d�e�g�r�e�e�s�.�T�h�e�l�a�t�t�e�r�a�p�p�l�i�e�d�t�o �a�l�l

 ��p�l�a�t�f�o�r�m�s�e�x�c�e�p�t�t�h�e�L�S�T�6�1�1�a�n�d�t�h�e�Y�F�N�B ��s�,�p�r�o�b�a�b�l�y�i�n�d�i�c�a�t�i�n�g�d�i�s�t�u�r�b�a�n�c�e�s�o�f �t�h�e �a�i�r�s�t�r�e�a�m
 ��i�n�c�i�d�e�n�t�o�n�t�h�e�p�l�a�t�f�o�r�m�b�y�t�h�e�g�e�o�m�e�t�r�y�o�f �t�h�e�c�a�r�r�i�e�r�v�e�s�s�e�l�.�T�h�e�s�e�p�l�a�t�f�o�r�m�s�,�h�o�w�e�v�e�r�,�w�e�r�e
�m�o�u�n�t�e�d�q�u�i�t�e�l�o�w�;�w�h�i�l�e�t�h�e�Y�A�G�p�l�a�t�f�o�r�m�s�w�e�r�e�h�i�g�h�e�n�o�u�g�h�a�n�d�s�o�p�l�a�c�e�d�a�s�t�o �v�i�r�t�u�a�l�l�y�g�u�a�r�-
�a�n�t�e�e�u�n�d�i�s�t�u�r�b�e�d�i�n�c�i�d�e�n�c�e�f�o�r�a�l�l �w�i�n�d�s�f�o�r�w�a�r�d�o�f �t�h�e�b�e�a�m�.

�* �P�e�r�t�i�n�e�n�t�r�e�s�u�l�t�s�a�r�e�s�u�m�m�a�r�i�z�e�d�i�n �T�a�b�l�e�4�.�4�. �F�a�l�l�o�u�t�a�m�o�u�n�t�s�p�e�r�c�o�l�l�e�c�t�o�r�a�r�e�g�i�v�e�n�.�a�s
�d�o�g�h�o�u�s�e�-�c�o�u�n�t�e�r�a�c�t�i�v�i�t�i�e�s�a�t �1�0�0�h�o�u�r�s�,�c�o�n�v�e�r�t�i�b�l�e�t�o �f�i�s�s�i�o�n�s�b�y�t�h�e�f�a�c�t�o�r�s�g�i�v�e�n�i�n �T�a�b�l�e
�B�.�1�3�;�t�h�e�m�e�a�n�v�a�l�u�e�s�s�o�c�o�n�v�e�r�t�e�d�a�p�p�e�a�r�i�n �T�a�b�l�e�3�.�1�5�. �W�i�n�d�v�e�l�o�c�i�t�i�e�s�a�r�e�l�i�s�t�e�d�i�n �T�a�b�l�e

�-�B�.�3�7�;�a�s�i�n �t�h�e�s�u�m�m�a�r�y�t�a�b�l�e�,�t�h�e�d�i�r�e�c�t�i�o�n�s�g�i�v�e�n�a�r�e�t�r�u�e�f�o�r�H�o�w�I�s�l�a�n�d�a�n�d�r�e�l�a�t�i�v�e�t�o �t�h�e
�b�o�w�o�f �t�h�e�v�e�s�s�e�l�f�o�r�a�l�l �o�t�h�e�r�m�a�j�o�r�s�t�a�t�i�o�n�s�.

�N�o�a�t�t�e�m�p�t�w�a�s�m�a�d�e�t�o�a�c�c�o�u�n�t�q�u�a�n�t�i�t�a�t�i�v�e�l�y�f�o�r�t�h�e�v�a�l�u�e�s�o�f �t�h�e�b�i�a�s�r�a�t�i�o�o�b�s�e�r�v�e�d�,�e�v�e�n

�f�o�r�a �s�i�n�g�l�e�-�w�i�n�d�s�y�s�t�e�m�;�u�n�d�o�u�b�t�e�d�l�y�,�t�h�e�r�e�l�a�t�i�v�e�a�m�o�u�n�t�d�e�p�o�s�i�t�e�d�i�n �t�h�e�v�a�r�i�o�u�s�p�a�r�t�s�o�f �t�h�e

�p�l�a�t�f�o�r�m�d�e�p�e�n�d�s�o�n�s�o�m�e�f�u�n�c�t�i�o�n�o�f �t�h�e�w�i�n�d�v�e�l�o�c�i�t�y�a�n�d�p�a�r�t�i�c�l�e�t�e�r�m�i�n�a�l�v�e�l�o�c�i�t�y�.�A�s�i�n�d�i�-
�c�a�t�e�d�e�a�r�l�i�e�r�,�t�h�e�a�i�r�f�l�o�w�p�a�t�t�e�r�n�i�n�d�u�c�e�d�b�y�t�h�e�p�l�a�t�f�o�r�m�i�t�s�e�l�f�a�p�p�e�a�r�e�d�t�o �b�e�r�e�p�r�o�d�u�c�i�b�l�e�f�o�r
�a�g�i�v�e�n�w�i�n�d�s�p�e�e�d�,�a�n�d�s�y�m�m�e�t�r�i�c�a�l�a�b�o�u�t�a�v�e�r�t�i�c�a�l�p�l�a�n�e�p�a�r�a�l�l�e�l�w�i�t�h�t�h�e�w�i�n�d�d�i�r�e�c�t�i�o�n�.

�A�c�c�o�r�d�i�n�g�l�y�,�f�o�r�a�g�i�v�e�n�s�e�t�o�f �c�o�n�d�i�t�i�o�n�s�,�c�o�l�l�e�c�t�i�o�n�s�m�a�d�e�o�n�t�h�e�p�l�a�t�f�o�r�m�b�y�d�i�f�f�e�r�e�n�t�i�n�s�t�r�u�-
�m�e�n�t�s�w�i�t�h�s�i�m�i�l�a�r�i�n�t�r�i�n�s�i�c�e�f�f�i�c�i�e�n�c�i�e�s�w�i�l�l�v�a�r�y�o�n�l�y�w�i�t�h�l�o�c�a�t�i�o�n�r�e�l�a�t�i�v�e�t�o �t�h�e�w�i�n�d�d�i�r�e�c�-

�t�i�o�n�. �F�u�r�t�h�e�r�e�x�p�e�r�i�m�e�n�t�a�t�i�o�n�i�s �r�e�q�u�i�r�e�d�t�o �d�e�t�e�r�m�i�n�e�h�o�w�t�h�e�c�o�l�l�e�c�t�i�o�n�s�a�r�e�r�e�l�a�t�e�d�t�o �a�t�r�u�e
�g�r�o�u�n�d�v�a�l�u�e�f�o�r�d�i�f�f�e�r�e�n�t�c�o�m�b�i�n�a�t�i�o�n�s�o�f�p�a�r�t�i�c�l�e�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�a�n�d �w�i�n�d�s�p�e�e�d�s�.

�A�l�i�m�i�t�e�d�s�t�u�d�y�o�f �s�t�a�n�d�a�r�d�-�p�l�a�t�f�o�r�m�b�i�a�s�b�a�s�e�d�o�n�i�n�c�r�e�m�e�n�t�a�l�c�o�l�l�e�c�t�o�r�m�e�a�s�u�r�e�m�e�n�t�s�w�a�s
 ��a�l�s�o�m�a�d�e�,�u�s�i�n�g�t�h�e�d�a�t�a�d�i�s�c�u�s�s�e�d�i�n �S�e�c�t�i�o�n�3�.�2�.�4�(�R�e�f�e�r�e�n�c�e�1�9�)�. �T�h�e�s�e�r�e�s�u�l�t�s�a�r�e�p�r�e�s�e�n�t�-
�e�d�i�n �F�i�g�u�r�e�s�4�.�1�2�,�4�.�1�3�,�a�n�d�4�.�1�4�. �T�h�e�f�i�r�s�t �c�o�m�p�a�r�e�s�p�a�r�t�i�c�l�e�-�s�i�z�e�f�r�e�q�u�e�n�c�y�d�i�s�t�r�i�b�u�t�i�o�n�s
�o�f�c�o�l�l�e�c�t�i�o�n�s�m�a�d�e�a�t �t�h�e�s�a�m�e�t�i�m�e�b�y�d�i�f�f�e�r�e�n�t�c�o�l�l�e�c�t�o�r�s�l�o�c�a�t�e�d�a�t �t�h�e�s�a�m�e�s�t�a�t�i�o�n�;�s�t�u�d�i�e�s

�_�f�o�r�t�h�e�Y�A�G�3�9�a�n�d�Y�A�G�4�0�d�u�r�i�n�g�S�h�o�t�s�Z�u�n�i�a�n�d�T�e�w�a�a�r�e�i�n�c�l�u�d�e�d�.�T�h�e�s�e�c�o�n�d�c�o�m�p�a�r�e�s�t�h�e
�t�o�t�a�l�r�e�l�a�t�i�v�e�m�a�s�s�c�o�l�l�e�c�t�e�d�a�s �a�f�u�n�c�t�i�o�n�o�f �t�i�m�e�,�a�n�d�t�h�e�v�a�r�i�a�t�i�o�n�o�f �r�e�l�a�t�i�v�e�m�a�s�s�w�i�t�h�p�a�r�-
�t�i�c�l�e�s�i�z�e�,�f�o�r�d�i�f�f�e�r�e�n�t�c�o�l�l�e�c�t�o�r�s�l�o�c�a�t�e�d�a�t �t�h�e�s�a�m�e�s�t�a�t�i�o�n�;�a�s�a�b�o�v�e�,�Y�A�G�3�9�a�n�d�Y�A�G�4�0

�c�o�l�l�e�c�t�i�o�n�s�d�u�r�i�n�g�S�h�o�t�s�Z�u�n�i�a�n�d�T�e�w�a�w�e�r�e�u�s�e�d�.�T�h�e�l�a�s�t�p�r�e�s�e�n�t�s�c�u�r�v�e�s�o�f �t�h�e�s�a�m�e�t�y�p�e

�g�i�v�e�n�i�n �S�e�c�t�i�o�n�3�.�2�.�4�f�o�r �t�h�e�t�w�o�I�C ��s�l�o�c�a�t�e�d�o�n�t�h�e�u�p�w�i�n�d�s�i�d�e�o�f �t�h�e�Y�A�G�3�9�p�l�a�t�f�o�r�m�;�t�h�e�s�e
�m�a�y�b�e�c�o�m�p�a�r�e�d�w�i�t�h�t�h�e�c�u�r�v�e�s�i�n �F�i�g�u�r�e�3�.�8�w�h�i�c�h�w�e�r�e�d�e�r�i�v�e�d�f�r�o�m�t�h�e�I�C�o�n�t�h�e�d�o�w�n�w�i�n�d
�B�i�d�e�,

�T�h�e�r�e�s�u�l�t�s�s�h�o�w�t�h�a�t�, �e�x�c�e�p�t�a�t �l�a�t�e�t�i�m�e�s�,�t�h�e�o�v�e�r�a�l�l�f�e�a�t�u�r�e�s�o�f�c�o�l�l�e�c�t�i�o�n�s�m�a�d�e�b�y�d�i�f�-
 ��f�e�r�e�n�t�i�n�s�t�r�u�m�e�n�t�s�a�t �a�g�i�v�e�n�s�t�a�t�i�o�n�c�o�r�r�e�s�p�o�n�d�r�e�a�s�o�n�a�b�l�y�w�e�l�l�,�b�u�t�t�h�a�t�a�p�p�r�e�c�i�a�b�l�e�d�i�f�f�e�r�e�n�c�e�s

�i�n �M�a�g�n�i�t�u�d�e�m�a�y�e�x�i�s�t �f�o�r�a�p�a�r�t�i�c�u�l�a�r�t�i�m�e�o�r�p�a�r�t�i�c�l�e�s�i�z�e�. �I�n �t�h�e�c�a�s�e�o�f �c�o�l�l�e�c�t�i�o�n�s�m�a�d�e
�o�n�a �s�i�n�g�l�e�p�l�a�t�f�o�r�m�(�Y�A�G�3�9�)�,�t�h�e�d�i�f�f�e�r�e�n�c�e�s�a�r�e�i�n �g�e�n�e�r�a�l�a�g�r�e�e�m�e�n�t�w�i�t�h�t�h�e�b�i�a�s�c�u�r�v�e�s

�d�i�s�c�u�s�s�e�d�a�b�o�v�e�;�a�n�d�t�h�e�s�e�d�i�f�f�e�r�e�n�c�e�s�a�p�p�e�a�r�t�o�b�e�l�e�s�s�t�h�a�n�t�h�o�s�e�b�e�t�w�e�e�n�c�o�l�l�e�c�t�i�o�n�s�m�a�d�e

�n�e�a�r�t�h�e�d�e�c�k�a�n�d�i�n�t�h�e�s�t�a�n�d�a�r�d�p�l�a�t�f�o�r�m�(�A�-�1�a�n�d�B�-�7�,�Y�A�G�4�0�)�. �I�t �i�s �t�o�b�e�n�o�t�e�d�t�h�a�t�i�n�c�r�e�-
�m�e�n�t�a�l�-�c�o�l�l�e�c�t�o�r�c�o�m�p�a�r�i�s�o�n�s�c�o�n�s�t�i�t�u�t�e�a�p�a�r�t�i�c�u�l�a�r�l�y�s�e�v�e�r�e�t�e�s�t�o�f �b�i�a�s�d�i�f�f�e�r�e�n�c�e�s�b�e�c�a�u�s�e
�t�h�e�s�m�a�l�l�s�i�z�e�(�~�0�.�0�5�5�8�f�t�?�)�o�f�t�h�e�c�o�l�l�e�c�t�i�n�g�t�r�a�y�.

�H�o�w�I�s�l�a�n�d�C�o�l�l�e�c�t�i�o�n�s�.�O�n�e�o�f �t�h�e�p�r�i�m�a�r�y�p�u�r�p�o�s�e�s�o�f �t�h�e�S�i�t�e�H�o�w�s�t�a�t�i�o�n�w�a�s
�t�o�d�e�t�e�r�m�i�n�e�t�h�e�o�v�e�r�a�l�l�c�o�l�l�e�c�t�i�o�n�e�f�f�i�c�i�e�n�c�y�o�f �t�h�e�t�o�t�a�l�c�o�l�l�e�c�t�o�r�s�m�o�u�n�t�e�d�i�n �t�h�e�s�t�a�n�d�a�r�d

 ��P�l�a�t�f�o�r�m�.�A�n�a�r�e�a�w�a�s�c�l�e�a�r�e�d�o�n�t�h�e�n�o�r�t�h�e�r�n�e�n�d�o�f �t�h�e�i�s�l�a�n�d�,�P�l�a�t�f�o�r�m�F�w�i�t�h�i�t�s �s�u�p�p�o�r�t�-
�i�n�g�t�o�w�e�r�w�a�s�m�o�v�e�d�f�r�o�m�t�h�e�Y�F�N�B�1�3�t�o �t�h�e�c�e�n�t�e�r�o�f�t�h�i�s�a�r�e�a�,�a�n�d�1�2�A�O�C�,�t�r�a�y�s�w�e�r�e�f�i�l�l�e�d
�W�i�t�h�l�o�c�a�l�s�o�i�l�a�n�d�b�u�r�i�e�d�i�n�a�g�e�o�m�e�t�r�i�c�a�l�a�r�r�a�y�a�r�o�u�n�d�t�h�e�t�o�w�e�r�w�i�t�h�t�h�e�i�r�c�o�l�l�e�c�t�i�n�g�s�u�r�f�a�c�e�s
�f�l�u�s�h�w�i�t�h�t�h�e�g�r�o�u�n�d�(�F�i�g�u�r�e�2�.�8�)�. �A�f�t�e�r�e�v�e�r�y�s�h�o�t�,�t�h�e�b�u�r�i�e�d�t�r�a�y�s�w�e�r�e�r�e�t�u�r�n�e�d�t�o�N�R�D�L
�a�n�d�c�o�u�n�t�e�d�i�n �t�h�e�s�a�m�e�m�a�n�n�e�r�a�s�t�h�e�O�C�C�t�r�a�y�s�f�r�o�m�t�h�e�p�l�a�t�f�o�r�m�.

�I�t �i�s �a�s�s�u�m�e�d�t�h�a�t�t�h�e�c�o�l�l�e�c�t�i�o�n�s�o�f �t�h�e�s�e�b�u�r�i�e�d�t�r�a�y�s�r�e�p�r�e�s�e�n�t�a�n�e�a�r�-�i�d�e�a�l�e�x�p�e�r�i�m�e�n�t�a�l

�4�P�p�r�o�a�c�h�t�o �d�e�t�e�r�m�i�n�i�n�g�t�h�e�a�m�o�u�n�t�o�f �f�a�l�l�o�u�t�a�c�t�u�a�l�l�y�d�e�p�o�s�i�t�e�d�o�n�t�h�e�g�r�o�u�n�d�.�(�S�o�m�e�d�i�f�f�e�r�-
�e�n�c�e�s�,�b�e�l�i�e�v�e�d�m�i�n�o�r�,�w�e�r�e�p�r�e�s�e�n�t�i�n �O�C�C�a�n�d�A�O�C�,�-�B�d�o�g�h�o�u�s�e�-�c�o�u�n�t�e�r�g�e�o�m�e�t�r�i�e�s�.�V�e�r�y

�t

�1�1�7



�l�i�t�t�l�e �d�i�f�f�e�r�e�n�t�i�a�l�e�f�f�e�c�t�i�s �t�o �b�e�e�x�p�e�c�t�e�d�f�r�o�m�a�l�a�m�i�n�a�o�f �a�c�t�i�v�i�t�y�o�n�t�o�p�o�f �t�h�e�2 �i�n�c�h�e�s�o�f �s�a�n�g
�v�e�r�s�u�s�a�c�t�i�v�i�t�y�d�i�s�t�r�i�b�u�t�e�d�o�n�t�h�e�h�o�n�e�y�c�o�m�b�i�n�s�e�r�t�a�n�d�b�o�t�t�o�m�o�f �t�h�e�t�r�a�y�. �T�h�e�m�o�r�e�s�e�r�i�o�u�s
�p�o�s�s�i�b�i�l�i�t�y�o�f �t�h�e�a�c�t�i�v�e�p�a�r�t�i�c�l�e�s�s�i�f�t�i�n�g�d�o�w�n�t�h�r�o�u�g�h�t�h�e�i�n�e�r�t�s�a�n�d�a�p�p�e�a�r�s�n�o�t�t�o �h�a�v�e�o�c�c�u�r�~
�r�e�d�,�b�e�c�a�u�s�e�t�h�e�s�u�r�v�e�y�-�m�e�t�e�r�r�a�t�i�o�s�o�f �A�O�C�,�-�B ��s�t�o �O�C�C ��s�t�a�k�e�n�a�t �S�i�t�e�N�a�n�,�S�i�t�e�E�l�m�e�r�,�a�n�g
�N�R�D�L�d�i�d �n�o�t�c�h�a�n�g�e�s�i�g�n�i�f�i�c�a�n�t�l�y�w�i�t�h�t�i�m�e�.�)

�I�n �T�a�b�l�e�4�.�5�, �w�e�i�g�h�t�e�d�-�m�e�a�n�p�l�a�t�f�o�r�m�v�a�l�u�e�s�,�o�b�t�a�i�n�e�d�a�s�d�e�s�c�r�i�b�e�d�a�b�o�v�e�,�a�r�e�c�o�n�v�e�r�t�e�d�t�o
�f�i�s�s�i�o�n�s�p�e�r�s�q�u�a�r�e�f�o�o�t�a�n�d�c�o�m�p�a�r�e�d�t�o�t�h�e�a�v�e�r�a�g�e�b�u�r�i�e�d�-�t�r�a�y�d�e�p�o�s�i�t�t�a�k�e�n�f�r�o�m�T�a�b�l�e�B�2�7�,
�I�t �m�a�y�b�e�s�e�e�n�t�h�a�t�, �w�i�t�h�i�n�t�h�e�u�n�c�e�r�t�a�i�n�t�y�o�f �t�h�e�m�e�a�s�u�r�e�m�e�n�t�s�,�t�h�e�w�e�i�g�h�t�e�d�-�m�e�a�n�p�l�a�t�f�o�r�m
�v�a�l�u�e�s�a�r�e�i�n �g�o�o�d�a�g�r�e�e�m�e�n�t�w�i�t�h�t�h�e�g�r�o�u�n�d�r�e�s�u�l�t�s�.�I�t �m�u�s�t�b�e�r�e�c�a�l�l�e�d�,�h�o�w�e�v�e�r�,�t�h�a�t�s�i�n�g�l�e
�w�i�n�d�s�p�r�e�v�a�i�l�e�d�a�t �H�o�w�I�s�l�a�n�d�f�o�r�a�l�l �s�h�o�t�s�,�a�n�d�t�h�a�t�t�h�e�o�b�s�e�r�v�e�d�b�i�a�s�r�a�t�i�o�s�w�e�r�e�l�o�w�(�<�2�)�.

�T�h�e�A�O�C�,�c�o�l�l�e�c�t�i�o�n�s�a�t �S�t�a�t�i�o�n�K�(�T�a�b�l�e�3�.�1�5�)�a�r�e�a�l�s�o�i�n�c�l�u�d�e�d�i�n �T�a�b�l�e�4�.�5�f�o�r�c�o�m�p�a�r�i�s�o�n�,�-
�T�h�e�y�a�p�p�e�a�r�t�o �b�e�c�o�n�s�i�s�t�e�n�t�l�y�s�l�i�g�h�t�l�y�l�o�w�e�r�t�h�a�n�t�h�e�o�t�h�e�r�d�e�t�e�r�m�i�n�a�t�i�o�n�s�,�w�i�t�h�t�h�e�e�x�c�e�p�t�i�o�n

�o�f�t�h�e�m�u�c�h�l�o�w�e�r�v�a�l�u�e�f�o�r�S�h�o�t�N�a�v�a�j�o�.�T�h�e�l�a�t�t�e�r�m�a�y�b�e�d�u�e�t�o �r�e�c�o�v�e�r�y�l�o�s�s�a�n�d�c�o�u�n�t�i�n�g

�e�r�r�o�r�r�e�s�u�l�t�i�n�g�f�r�o�m�t�h�e�l�i�g�h�t�f�a�l�l�o�u�t�e�x�p�e�r�i�e�n�c�e�d�a�t�t�h�e�s�t�a�t�i�o�n�d�u�r�i�n�g�t�h�i�s�s�h�o�t�. �B�e�c�a�u�s�e�o�n�l�y

�o�n�e�c�o�l�l�e�c�t�o�r�w�a�s�p�r�e�s�e�n�t�i�n �e�a�c�h�m�i�n�o�r�s�a�m�p�l�i�n�g�a�r�r�a�y�,�b�i�a�s�s�t�u�d�i�e�s�o�f�t�h�e�k�i�n�d�c�o�n�d�u�c�t�e�d�f�o�r
�t�h�e�m�a�j�o�r�a�r�r�a�y�s�w�e�r�e�n�o�t�p�o�s�s�i�b�l�e�.�A�s�m�e�n�t�i�o�n�e�d�e�a�r�l�i�e�r�,�h�o�w�e�v�e�r�,�a�n�a�t�t�e�m�p�t�w�a�s�m�a�d�e�t�o

�m�i�n�i�m�i�z�e�b�i�a�s�i�n �t�h�e�d�e�s�i�g�n�o�f �t�h�e�c�o�l�l�e�c�t�o�r�a�n�d�,�i�n�s�o�f�a�r�a�s�p�o�s�s�i�b�l�e�,�t�o �k�e�e�p�g�e�o�m�e�t�r�i�e�s�a�l�i�k�e�.
�A�l�t�h�o�u�g�h�i�t �w�a�s�n�e�c�e�s�s�a�r�y�t�o �r�e�i�n�f�o�r�c�e�t�h�e�i�r�m�o�u�n�t�i�n�g�a�g�a�i�n�s�t�b�l�a�s�t�a�n�d�t�h�e�r�m�a�l�d�a�m�a�g�e�o�n�t�h�e
�r�a�f�t�s�a�n�d�i�s�l�a�n�d�s�(�F�i�g�u�r�e�2�.�7�)�, �i�d�e�n�t�i�c�a�l�c�o�l�l�e�c�t�o�r�s�w�e�r�e�u�s�e�d�f�o�r�a�l�l �m�i�n�o�r�a�r�r�a�y�s�.

�S�h�i�p�b�o�a�r�d�C�o�l�l�e�c�t�i�o�n�s�a�n�d �S�e�a�W�a�t�e�r�S�a�m�p�l�i�n�g�.�T�h�e�p�l�a�t�f�o�r�m�c�o�l�l�e�c�t�i�o�n�s
�o�f �t�h�e�Y�A�G�3�9�a�n�d�Y�A�G�4�0�m�a�y�b�e�c�o�m�p�a�r�e�d�w�i�t�h�t�h�e�w�a�t�e�r�-�s�a�m�p�l�i�n�g�r�e�s�u�l�t�s�r�e�p�o�r�t�e�d�i�n �R�e�f�e�r�-
�e�n�c�e�2�0�, �d�e�c�a�y�-�t�a�n�k�d�a�t�a�f�r�o�m�t�h�e�Y�A�G�3�9�, �a�n�d�i�n �s�o�m�e�c�a�s�e�s�w�i�t�h�t�h�e�w�a�t�e�r�-�s�a�m�p�l�i�n�g�r�e�s�u�l�t�s
�f�r�o�m�t�h�e�S�I�O�v�e�s�s�e�l�H�o�r�i�z�o�n�(�R�e�f�e�r�e�n�c�e�1�5�)�. �S�t�r�i�c�t�l�y�s�p�e�a�k�i�n�g�,�h�o�w�e�v�e�r�,�s�h�t�p�b�o�a�r�d�c�o�l�l�e�c�t�i�o�n�s
�s�h�o�u�l�d�n�o�t�b�e�c�o�m�p�a�r�e�d�w�i�t�h�p�o�s�t�-�f�a�l�l�o�u�t�o�c�e�a�n�s�u�r�v�e�y�s�,�b�e�c�a�u�s�e�,�i�n �g�e�n�e�r�a�l�,�t�h�e�f�a�l�l�o�u�t�t�o�w�h�i�c�h
�t�h�e�s�h�i�p�i�s �e�x�p�o�s�e�d�w�h�i�l�e�a�t�t�e�m�p�t�i�n�g�t�o �m�a�i�n�t�a�i�n�g�e�o�g�r�a�p�h�i�c�p�o�s�i�t�i�o�n�i�s �n�o�t�t�h�a�t�e�x�p�e�r�i�e�n�c�e�d�b�y
�t�h�e�e�l�e�m�e�n�t�o�f �o�c�e�a�n�i�n �w�h�i�c�h�t�h�e�s�h�i�p�h�a�p�p�e�n�s�t�o�b�e�a�t �c�e�s�s�a�t�i�o�n�.

�T�h�e�a�n�a�l�y�s�i�s�o�f �a�n�O�C�C�c�o�l�l�e�c�t�i�o�n�f�o�r�t�o�t�a�i�f�i�s�s�i�o�n�c�o�n�t�e�n�t�i�s �s�t�r�a�i�g�h�t�f�o�r�w�a�r�d�,�a�l�t�h�o�u�g�h�t�h�e
�a�m�o�u�n�t�c�o�l�l�e�c�t�e�d�m�a�y�b�e�b�i�a�s�e�d�;�t�h�e�o�c�e�a�n�s�u�r�f�a�c�e�,�o�n�t�h�e�o�t�h�e�r�h�a�n�d�,�p�r�e�s�e�n�t�s�a�n�i�d�e�a�l�c�o�l�l�e�c�-
�t�o�r�b�u�t�d�i�f�f�i�c�u�l�t�a�n�a�l�y�t�i�c�a�l�p�r�o�b�l�e�m�s�.�F�o�r�e�x�a�m�p�l�e�,�b�a�c�k�g�r�o�u�n�d�a�c�t�i�v�i�t�i�e�s�f�r�o�m�p�r�e�v�i�o�u�s�s�h�o�t�s
�m�u�s�t�b�e�k�n�o�w�n�w�i�t�h�t�i�m�e�,�p�o�s�i�t�i�o�n�,�a�n�d�d�e�p�t�h�;�r�a�d�i�o�n�u�c�l�i�d�e�f�r�a�c�t�i�o�n�a�t�i�o�n�,�w�i�t�h�d�e�p�t�h�,�r�e�s�u�l�t�i�n�g

�f�r�o�m�l�e�a�c�h�i�n�g�i�n �s�e�a�w�a�t�e�r�s�h�o�u�l�d�b�e�k�n�o�w�n�; �a�n�d�t�h�e�d�e�c�a�y�r�a�t�e�s�f�o�r �a�l�l �k�i�n�d�s�o�f �s�a�m�p�l�e�s�a�n�d

�i�n�s�t�r�u�m�e�n�t�s�u�s�e�d�a�r�e�r�e�q�u�i�r�e�d�.�F�a�l�l�o�u�t�m�a�t�e�r�i�a�l�w�h�i�c�h�i�s �f�r�a�c�t�i�o�n�a�t�e�d�d�i�f�f�e�r�e�n�t�l�y�f�r�o�m�p�o�i�n�t�-
�t�o�-�p�o�i�n�t�i�n �t�h�e�f�a�l�l�o�u�t�f�i�e�l�d�b�e�f�o�r�e�e�n�t�r�y�i�n�t�o�t�h�e�o�c�e�a�n�p�r�e�s�e�n�t�s�a�n�a�d�d�e�d�c�o�m�p�l�i�c�a�t�i�o�n�.

�T�a�b�l�e�4�.�6�s�u�m�m�a�r�i�z�e�s�t�h�e�r�e�s�u�l�t�s�o�f �t�h�e�s�e�v�e�r�a�l�s�a�m�p�l�i�n�g�a�n�d�a�n�a�l�y�t�i�c�a�l�m�e�t�h�o�d�s�u�s�e�d�.�T�h�e

�o�c�e�a�n�v�a�l�u�e�s�f�r�o�m�R�e�f�e�r�e�n�c�e�2�0�w�e�r�e�c�a�l�c�u�l�a�t�e�d�a�s�t�h�e�p�r�o�d�u�c�t�o�f �t�h�e�e�q�u�i�v�a�l�e�n�t�d�e�p�t�h�o�f �p�e�n�e�-
�t�r�a�t�i�o�n�(�S�e�c�t�i�o�n�3�.�2�.�5�)�a�t �t�h�e�s�h�i�p�a�n�d�t�h�e�s�u�r�f�a�c�e�c�o�n�c�e�n�t�r�a�t�i�o�n�o�f �a�c�t�i�v�i�t�y�(�M�e�t�h�o�d�I�)�. �T�h�e�l�a�t�t�e�r
�w�a�s�d�e�t�e�r�m�i�n�e�d�i�n �e�v�e�r�y�c�a�s�e�b�y�a�v�e�r�a�g�i�n�g�t�h�e�d�i�p�-�c�o�u�n�t�v�a�l�u�e�s�o�f �a�p�p�r�o�p�r�i�a�t�e�s�u�r�f�a�c�e�s�a�m�p�l�e�s
�l�i�s�t�e�d�i�n �T�a�b�l�e�B�.�3�2�a�n�d�c�o�n�v�e�r�t�i�n�g�t�o �e�q�u�i�v�a�l�e�n�t�f�i�s�s�i�o�n�s�p�e�r�c�u�b�i�c�f�o�o�t�. �W�h�e�n�p�e�n�e�t�r�a�t�i�o�n
�d�e�p�t�h�s�c�o�u�l�d�n�o�t�b�e�t�a�k�e�n�f�r�o�m�t�h�e�p�l�o�t�s�o�f �e�q�u�i�v�a�l�e�n�t�d�e�p�t�h�g�i�v�e�n�i�n �F�i�g�u�r�e�B�.�1�,�h�o�w�e�v�e�r�,�t�h�e�y

�h�a�d�t�o �b�e�e�s�t�i�m�a�t�e�d�b�y�s�o�m�e�o�t�h�e�r�m�e�a�n�s�.�T�h�u�s�,�t�h�e�v�a�l�u�e�s�f�o�r�b�o�t�h�s�h�i�p�s�d�u�r�i�n�g�S�h�o�t�Z�u�n�i
�w�e�r�e�a�s�s�u�m�e�d�t�o �b�e�t�h�e�s�a�m�e�a�s�t�h�a�t�f�o�r �t�h�e�Y�A�G�3�9�d�u�r�i�n�g�S�h�o�t�T�e�w�a�;�t�h�e�v�a�l�u�e�f�o�r�t�h�e�Y�A�G�3�9
�d�u�r�i�n�g�S�h�o�t�F�l�a�t�h�e�a�d�w�a�s�e�s�t�i�m�a�t�e�d�b�y�e�x�t�r�a�p�o�l�a�t�i�n�g�t�h�e�e�q�u�i�v�a�l�e�n�t�d�e�p�t�h�c�u�r�v�e�,�w�h�i�l�e�t�h�a�t�f�o�r
�t�h�e�Y�A�G�4�0�w�a�s�t�a�k�e�n�f�r�o�m�t�h�e�s�a�m�e�c�u�r�v�e�;�a�n�d�t�h�e�v�a�l�u�e�s�f�o�r �t�h�e�Y�A�G�4�0�d�u�r�i�n�g�S�h�o�t�s�N�a�v�a�j�o

�a�n�d�T�e�w�a�w�e�r�e�e�s�t�i�m�a�t�e�d�f�r�o�m�w�h�a�t�p�r�o�f�i�l�e�d�a�t�a�w�a�s�a�v�a�i�l�a�b�l�e�.
�T�h�e�c�o�n�v�e�r�s�i�o�n�f�a�c�t�o�r�f�o�r �e�a�c�h�s�h�o�t�(�f�i�s�s�i�o�n�s�/�(�d�i�p�c�o�u�n�t�s�/�m�i�n�a�t �2�0�0�h�o�u�r�s�)�f�o�r�a �s�t�a�n�d�a�r�d

�c�o�u�n�t�i�n�g�v�o�l�u�m�e�o�f �2 �l�i�t�e�r�s�)�w�a�s�o�b�t�a�i�n�e�d�i�n �M�e�t�h�o�d�I �f�r�o�m�t�h�e�r�e�s�p�o�n�s�e�o�f �t�h�e�d�i�p�c�o�u�n�t�e�r�t�o�a

�k�n�o�w�n�q�u�a�n�t�i�t�y�o�f �f�i�s�s�i�o�n�s�.�A�l�t�h�o�u�g�h�d�i�r�e�c�t�d�i�p�c�o�u�n�t�s�o�f �O�C�C�a�l�i�q�u�o�t�s�o�f �k�n�o�w�n�f�i�s�s�i�o�n�c�o�n�t�e�n�t
�b�e�c�a�m�e�a�v�a�i�l�a�b�l�e�a�t �a�l�a�t�e�r�d�a�t�e�(�T�a�b�l�e�B�.�1�5�)�,�i�t �w�a�s�n�e�c�e�s�s�a�r�y�a�t�t�h�e�t�i�m�e�t�o �d�e�r�i�v�e�t�h�e�s�e�v�a�l�u�e�s
�f�r�o�m�a�l�i�q�u�o�t�s�o�f �O�C�C�a�n�d�w�a�t�e�r�s�a�m�p�l�e�s�m�e�a�s�u�r�e�d�i�n �a �c�o�m�m�o�n�d�e�t�e�c�t�o�r�,�u�s�u�a�l�l�y�t�h�e�w�e�l�l�c�o�u�n�t�-
�e�r�. �T�h�e�v�a�l�u�e�s�f�o�r�t�h�e�d�e�c�a�y�t�a�n�k�l�i�s�t�e�d�u�n�d�e�r�M�e�t�h�o�d�I �i�n �T�a�b�l�e�4�.�6�w�e�r�e�a�l�s�o�o�b�t�a�i�n�e�d�f�r�o�m
�d�i�p�c�o�u�n�t�s�o�f �t�a�n�k�s�a�m�p�l�e�s�,�s�i�m�i�l�a�r�l�y�c�o�n�v�e�r�t�e�d�t�o �f�i�s�s�i�o�n�s�p�e�r�c�u�b�i�c�f�o�o�t�. �D�i�p�-�c�o�u�n�t�e�r�r�e�s�p�o�n�s�e
�w�a�s�d�e�c�a�y�-�c�o�r�r�e�c�t�e�d�t�o �2�0�0�h�o�u�r�s�b�y�m�e�a�n�s�o�f �t�h�e�n�o�r�m�a�l�i�z�e�d�c�u�r�v�e�s�s�h�o�w�n�i�n �F�i�g�u�r�e�B�.�1�4�.

�A�n�o�t�h�e�r�e�s�t�i�m�a�t�e�o�f �a�c�t�i�v�i�t�y�i�n �t�h�e�o�c�e�a�n�w�a�s�m�a�d�e�(�p�r�i�v�a�t�e�c�o�m�m�u�n�i�c�a�t�i�o�n�f�r�o�m�R�.�C�a�p�u�t�i�,
�N�R�D�L�)�,�u�s�i�n�g�t�h�e�a�p�p�r�o�a�c�h�o�f �p�l�a�n�i�m�e�t�e�r�i�n�g�t�h�e�t�o�t�a�l�a�r�e�a�s�o�f �a�n�u�m�b�e�r�o�f �p�r�o�b�e�p�r�o�f�i�l�e�s�m�e�a�s�-

�1�1�8



�u�r�e�d�a�t�l�a�t�e�t�i�m�e�s�i�n �t�h�e�r�e�g�i�o�n�o�f �Y�A�G�3�9�o�p�e�r�a�t�i�o�n�s�d�u�r�i�n�g�S�h�o�t�s�N�a�v�a�j�o�a�n�d�T�e�w�a�(�M�e�t�h�o�d�I�I�)�.
�(�T�h�e�p�r�o�b�e�p�r�o�f�i�l�e�s�w�e�r�e�p�r�o�v�i�d�e�d�,�w�i�t�h�b�a�c�k�g�r�o�u�n�d�c�o�n�t�a�m�i�n�a�t�i�o�n�s�u�b�t�r�a�c�t�e�d�o�u�t�a�n�d�c�o�n�v�e�r�t�e�d
�f�r�o�m�m�i�c�r�o�a�m�p�e�r�e�s�t�o �a�p�p�a�r�e�n�t�m�i�l�l�i�r�o�e�n�t�g�e�n�s�p�e�r�h�o�u�r�b�y�F�. �J�e�n�n�i�n�g�s�,�P�r�o�j�e�c�t�2�.�6�2�a�,�S�T�O�.
�M�e�a�s�u�r�e�m�e�n�t�s�w�e�r�e�m�a�d�e�f�r�o�m�t�h�e�S�I�O�v�e�s�s�e�l�H�o�r�i�z�o�n�.�)�T�h�e�i�n�t�e�g�r�a�t�e�d�a�r�e�a�s�w�e�r�e�c�o�n�v�e�r�t�e�d
�t�o�f�i�s�s�i�o�n�s�p�e�r�s�q�u�a�r�e�f�o�o�t�b�y�a�p�p�l�y�i�n�g�a�f�a�c�t�o�r�e�x�p�r�e�s�s�i�n�g�p�r�o�b�e�r�e�s�p�o�n�s�e�i�n�f�i�s�s�i�o�n�s�p�e�r�c�u�b�i�c
�f�o�o�t�. �T�h�i�s�f�a�c�t�o�r�w�a�s�d�e�r�i�v�e�d�f�r�o�m�t�h�e�r�a�t�i�o�a�t �2�0�0�h�o�u�r�s�o�f �s�u�r�f�a�c�e�p�r�o�b�e�r�e�a�d�i�n�g�s�a�n�d�s�u�r�f�a�c�e
�s�a�m�p�l�e�d�i�p�c�o�u�n�t�s�f�r�o�m�t�h�e�s�a�m�e�S�t�a�t�i�o�n�,�a�f�t�e�r�t�h�e�l�a�t�t�e�r�h�a�d�b�e�e�n�e�x�p�r�e�s�s�e�d�i�n �t�e�r�m�s�o�f�f�i�s�s�i�o�n�s
�u�s�i�n�g�t�h�e �d�i�r�e�c�t�d�i�p�c�o�u�n�t�e�r�-�O�C�C�f�i�s�s�i�o�n�c�o�n�t�e�n�t�d�a�t�a�m�e�n�t�i�o�n�e�d�a�b�o�v�e�.�T�h�e�s�e�r�e�s�u�l�t�s�a�r�e�a�l�s�o

�l�i�s�t�e�d�i�n �T�a�b�l�e�4�.�6�.
�T�h�e�s�e�t�o�f �v�a�l�u�e�s�f�o�r�t�h�e�Y�A�G�3�9�d�e�c�a�y�t�a�n�k�l�a�b�e�l�e�d�M�e�t�h�o�d�I�I�I �i�n �t�h�e�s�a�m�e�t�a�b�l�e�i�s �b�a�s�e�d�o�n

�d�i�r�e�c�t�r�a�d�i�o�c�h�e�m�i�c�a�l�a�n�a�l�y�s�e�s�o�f �t�a�n�k�(�a�n�d�o�c�e�a�n�s�u�r�f�a�c�e�)�s�a�m�p�l�e�s�f�o�r�M�o�*�®�(�T�a�b�l�e�B�.�3�0�)�.�T�h�e
�r�e�s�u�l�t�s�o�f �M�e�t�h�o�d�s�I �a�n�d�[�I �w�e�r�e�o�b�t�a�i�n�e�d�b�e�f�o�r�e�t�h�e�s�e�d�a�t�a�b�e�c�a�m�e�a�v�a�i�l�a�b�l�e�a�n�d�,�a�c�c�o�r�d�i�n�g�l�y�,

�w�e�r�e�a�c�c�o�m�p�l�i�s�h�e�d�w�i�t�h�o�u�t�k�n�o�w�l�e�d�g�e�o�f�t�h�e�a�c�t�u�a�l�a�b�u�n�d�a�n�c�e�d�i�s�t�r�i�b�u�t�i�o�n�o�f �m�o�l�y�b�d�e�n�u�m�w�i�t�h
�d�e�p�t�h�i�n �s�e�a�w�a�t�e�r�.

�T�a�b�l�e�4�.�7�i�s �a�s�u�m�m�a�r�y�o�f �t�h�e�d�i�p�-�t�o�-�f�i�s�s�i�o�n�c�o�n�v�e�r�s�i�o�n�f�a�c�t�o�r�s�i�n�d�i�c�a�t�e�d�b�y�t�h�e�r�e�s�u�l�t�s�i�n
�T�a�b�l�e�B�.�3�0�;�t�h�o�s�e�u�s�e�d�i�n �M�e�t�h�o�d�s�I �a�n�d�[�I �a�r�e�i�n�c�l�u�d�e�d�f�o�r�c�o�m�p�a�r�i�s�o�n�.�I�t �i�s �n�o�t�e�w�o�r�t�h�y�t�h�a�t�,
�f�o�r�t�h�e�Y�A�G�3�9�,�t�h�e�o�c�e�a�n�s�u�r�f�a�c�e�i�s �a�l�w�a�y�s�e�n�r�i�c�h�e�d�i�n �m�o�l�y�b�d�e�n�u�m�,�a�r�e�s�u�l�t�w�h�i�c�h�i�s �i�n �a�g�r�e�e�-
�m�e�n�t�w�i�t�h�t�h�e�p�a�r�t�i�c�l�e�d�i�s�s�o�l�u�t�i�o�n�m�e�a�s�u�r�e�m�e�n�t�s�d�e�s�c�r�i�b�e�d�e�a�r�l�i�e�r�(�F�i�g�u�r�e�s�3�.�1�1�a�n�d�3�.�1�2�)�;�i�n
�t�h�i�s�e�x�p�e�r�i�m�e�n�t�M�o�®�*�,�N�p�*�*�*�,�a�n�d�p�r�o�b�a�b�l�y�I�'�*�! �w�e�r�e�s�h�o�w�n�t�o�b�e�g�i�n�l�e�a�c�h�i�n�g�o�u�t�p�r�e�f�e�r�e�n�t�i�a�l�l�y
�w�i�t�h�i�n�1�0�s�e�c�o�n�d�s�.�T�h�e�t�a�n�k�v�a�l�u�e�f�o�r�S�h�o�t�Z�u�n�i�,�w�h�e�r�e�t�h�e�a�l�i�q�u�o�t�w�a�s�w�i�t�h�d�r�a�w�n�b�e�f�o�r�e�a�c�i�d�i�-
�f�y�i�n�g�o�r�s�t�i�r�r�i�n�g�,�s�h�o�w�s�a�n�e�n�r�i�c�h�m�e�n�t�f�a�c�t�o�r�o�f �~�3�.�5�r�é�l�a�t�i�v�e�t�o �t�h�e�O�C�C�;�a�c�i�d�i�f�i�c�a�t�i�o�n�a�n�d�s�t�i�r�-
�r�i�n�g�a�t �S�h�o�t�T�e�w�a�e�l�i�m�i�n�a�t�e�d�t�h�e�e�f�f�e�c�t�. �T�h�e�s�l�u�r�r�y�f�a�l�l�o�u�t�f�r�o�m�S�h�o�t�s�F�l�a�t�h�e�a�d�a�n�d�N�a�v�a�j�o�,

�h�o�w�e�v�e�r�,�s�h�o�w�s�o�n�l�y�a �s�l�i�g�h�t�t�e�n�d�e�n�c�y�t�o �b�e�h�a�v�e�i�n�t�h�i�s�w�a�y�.
�F�i�n�a�l�l�y�,�T�a�b�l�e�4�.�6�a�l�s�o�l�i�s�t�s�t�h�e�r�e�p�r�e�s�e�n�t�a�t�i�v�e�p�l�a�t�f�o�r�m�v�a�l�u�e�s�o�b�t�a�i�n�e�d�e�a�r�l�i�e�r�,�a�s�w�e�l�l�a�s

�t�h�e�m�a�x�i�m�u�m�v�a�l�u�e�s�r�e�a�d�f�r�o�m�t�h�e�p�l�a�t�f�o�r�m�-�c�o�l�l�e�c�t�i�o�n�c�u�r�v�e�s�f�o�r�t�h�e�c�a�s�e�s�w�h�e�r�e�d�e�p�o�s�i�t�i�o�n�~
�o�c�c�u�r�r�e�d�u�n�d�e�r�e�s�s�e�n�t�i�a�l�l�y�s�i�n�g�l�e�-�w�i�n�d�c�o�n�d�i�t�i�o�n�s�(�T�a�b�l�e�4�.�4�)�. �T�h�e�s�e�v�a�l�u�e�s�a�r�e�i�n�c�l�u�d�e�d�a�s�a
�r�e�s�u�l�t�o�f �p�o�s�t�o�p�e�r�a�t�i�o�n�r�a�i�n�f�a�l�l�m�e�a�s�u�r�e�m�e�n�t�s�m�a�d�e�a�t �N�R�D�L�(�T�a�b�l�e�B�.�3�1�)�.�(�A�l�t�h�o�u�g�h�t�h�e�d�a�t�a
�h�a�v�e�n�o�t�r�e�c�e�i�v�e�d�c�o�m�p�l�e�t�e�s�t�a�t�i�s�t�i�c�a�l�a�n�a�l�y�s�i�s�,�t�h�e �r�a�t�i�o�o�f �t�h�e�m�a�x�i�m�u�m�c�o�l�l�e�c�t�i�o�n�o�f �r�a�i�n�f�a�l�l
�b�y�a�n�O�C�C�o�n�t�h�e�L�S�T�6�1�1�p�l�a�t�f�o�r�m�t�o�t�h�e�a�v�e�r�a�g�e�c�o�l�l�e�c�t�i�o�n�o�f �a �g�r�o�u�n�d�a�r�r�a�y�o�f �O�C�C�t�r�a�y�s�i�s
�i�n�d�i�c�a�t�e�d�t�o �b�e�0�.�9�6�9�+�0�.�3�2�7�f�o�r�a�v�a�r�i�e�t�y�o�f �w�i�n�d�v�e�l�o�c�i�t�i�e�s�(�R�e�f�e�r�e�n�c�e�7�5�)�.�)

�I�t �m�a�y�b�e�s�e�e�n�b�y�e�x�a�m�i�n�a�t�i�o�n�o�f �T�a�b�l�e�4�.�6�t�h�a�t�t�h�e�m�o�s�t�s�e�r�i�o�u�s�d�i�s�c�r�e�p�a�n�c�i�e�s�b�e�t�w�e�e�n�o�c�e�a�n
�a�n�d�s�h�i�p�b�o�a�r�d�c�o�l�l�e�c�t�i�o�n�s�a�r�i�s�e�i�n �t�w�o�c�a�s�e�s�:�t�h�e�Y�A�G�3�9�d�u�r�i�n�g�S�h�o�t�Z�u�n�i�,�w�h�e�r�e�t�h�e�o�c�e�a�n�/

�O�C�C�(�m�a�x�i�m�u�m�)�r�a�t�i�o�o�f �~�2 �m�a�y�b�e�a�t�t�r�i�b�u�t�e�d�e�n�t�i�r�e�l�y�t�o �t�h�e�f�i�s�s�i�o�n�/�d�i�p�c�o�n�v�e�r�s�i�o�n�s�e�m�p�l�o�y�e�d
 ��a�s�s�u�m�i�n�g�t�h�e�O�C�C�v�a�l�u�e�i�s �t�h�e�c�o�r�r�e�c�t�a�v�e�r�a�g�e�t�o �u�s�e�f�o�r�a�d�e�p�t�h�p�r�o�f�i�l�e�;�a�n�d�t�h�e�Y�A�G�3�9
�d�u�r�i�n�g�S�h�o�t�N�a�v�a�j�o�,�w�h�e�r�e�t�h�e�o�c�e�a�n�/�O�C�C�r�a�t�i�o�i�s �~�1�0�,�b�u�t�t�h�e�t�a�n�k�r�a�d�i�o�c�h�e�m�i�c�a�l�v�a�l�u�e�a�n�d
�t�h�e�H�o�r�i�z�o�n�p�r�o�f�i�l�e�v�a�l�u�e�a�l�m�o�s�t�a�g�r�e�e�w�i�t�h�i�n�t�h�e�i�r�r�e�s�p�e�c�t�i�v�e�l�i�m�i�t�s�. �W�h�i�l�e�t�h�e�O�C�C�v�a�l�u�e

�a�p�p�e�a�r�s�l�o�w�i�n�t�h�i�s�m�u�i�t�i�w�i�n�d�s�i�t�u�a�t�i�o�n�,�t�h�e�d�i�f�f�e�r�e�n�c�e�b�e�t�w�e�e�n�t�h�e�Y�A�G�3�9�a�n�d�H�o�r�i�z�o�n�p�r�o�f�i�l�e�s
�m�a�y�b�e�t�h�e�b�a�c�k�g�r�o�u�n�d�c�o�r�r�e�c�t�i�o�n�m�a�d�e�b�y�S�I�O�.

�I�n �t�h�e�f�i�n�a�l�a�n�a�l�y�s�i�s�,�t�h�e�b�e�s�t�a�n�d�m�o�s�t�c�o�m�p�l�e�t�e�d�a�t�a�w�e�r�e�o�b�t�a�i�n�e�d�a�t �t�h�e�Y�A�G�3�9�a�n�d�H�o�r�i�-

�z�o�n�s�t�a�t�i�o�n�s�d�u�r�i�n�g�S�h�o�t�T�e�w�a�.�H�e�r�e�,�p�r�e�s�h�o�t�o�c�e�a�n�s�u�r�f�a�c�e�b�a�c�k�g�r�o�u�n�d�s�w�e�r�e�n�e�g�l�i�g�i�b�l�y�s�m�a�l�l�;
�e�q�u�i�p�m�e�n�t�p�e�r�f�o�r�m�e�d�s�a�t�i�s�f�a�c�t�o�r�i�l�y�f�o�r�t�h�e�m�o�s�t�p�a�r�t�;�t�h�e�t�w�o�v�e�s�s�e�l�s�r�a�n�p�r�o�b�e�p�r�o�f�i�l�e�s�i�n �s�i�g�h�t
�o�f �e�a�c�h�o�t�h�e�r�;�a�n�d�t�h�e�H�o�r�i�z�o�n�o�b�t�a�i�n�e�d�d�e�p�t�h�s�a�m�p�l�e�s�a�t �a�b�o�u�t�t�h�e�s�a�m�e�t�i�m�e�. �T�h�e�Y�A�G�3�9�d�i�d

�h�o�t�m�o�v�e�e�x�c�e�s�s�i�v�e�l�y�d�u�r�i�n�g�f�a�l�l�o�u�t�,�a�n�d�t�h�e�w�a�t�e�r�m�a�s�s�o�f �i�n�t�e�r�e�s�t�w�a�s�m�a�r�k�e�d�a�n�d�f�o�l�l�o�w�e�d�b�y
�d�r�o�g�u�e�b�u�o�y�s�.�I�n �a�d�d�i�t�i�o�n�t�o�t�h�e�v�a�l�u�e�s�r�e�p�o�r�t�e�d�i�n �T�a�b�l�e�4�.�6�, �t�h�e�v�a�l�u�e�1�.�8�2�x �1�0�'�5�f�i�s�s�i�o�n�s�/�f�t�?
�w�a�s�o�b�t�a�i�n�e�d�f�o�r�t�h�e�d�e�p�t�h�-�s�a�m�p�l�e�p�r�o�f�i�l�e�,�u�s�i�n�g�t�h�e�d�i�p�-�t�o�-�f�i�s�s�i�o�n�f�a�c�t�o�r�i�n�d�i�c�a�t�e�d�i�n �T�a�b�l�e�4�.�7�.
�(�B�e�c�a�u�s�e�o�f �t�h�e�v�a�r�i�a�t�i�o�n�s�i�n �t�h�e�f�i�s�s�i�o�n�c�o�n�v�e�r�s�i�o�n�f�a�c�t�o�r�w�i�t�h�t�h�e�f�r�a�c�t�i�o�n�a�t�i�o�n�e�x�h�i�b�i�t�e�d�f�r�o�m
�S�a�m�p�l�e�t�o �s�a�m�p�l�e�,�a�c�o�m�p�a�r�i�s�o�n�w�a�s�m�a�d�e�o�f �t�h�e�i�n�t�e�g�r�a�l�v�a�l�u�e�o�f �t�h�e�d�i�p�c�o�u�n�t�s�(�d�i�p�c�o�u�n�t�s�/
�M�i�n�)�/�2�l�i�t�e�r�s�)�f�e�e�t�f�r�o�m�t�h�e�d�e�p�t�h�-�s�a�m�p�l�e�p�r�o�f�i�l�e�w�i�t�h�t�h�e�O�C�C�Y�A�G�3�9�-�C�-�2�1�c�a�t�c�h�e�x�p�r�e�s�s�e�d
 ��N�s�i�m�i�l�a�r�u�n�i�t�s�. �T�h�e�r�a�t�i�o�o�c�e�a�n�i�n�t�e�g�r�a�l�/�O�C�C�-�C�-�2�1�= �1�.�0�8�w�a�s�o�b�t�a�i�n�e�d�.�)

�I�t �m�a�y�b�e�s�e�e�n�t�h�a�t�a�l�l �v�a�l�u�e�s�f�o�r �t�h�i�s�s�h�o�t�a�n�d�a�r�e�a�a�g�r�e�e�r�e�m�a�r�k�a�b�l�y�w�e�l�l�, �i�n �s�p�i�t�e�o�f �t�h�e
�f�a�c�t�t�h�a�t�M�e�t�h�o�d�I �m�e�a�s�u�r�e�m�e�n�t�s�e�x�t�e�n�d�e�f�f�e�c�t�i�v�e�l�y�d�o�w�n�t�o �t�h�e�t�h�e�r�m�o�c�l�i�n�e�,�s�o�m�e�o�f �t�h�e�M�e�t�h�o�d
�_ �P�r�o�f�i�l�e�s�t�o �5�0�0�m�e�t�e�r�s�,�a�n�d�t�h�e�d�e�p�t�h�s�a�m�p�l�e�c�a�s�t�t�o�1�6�8�m�e�t�e�r�s�.�I�f �t�h�e�m�a�x�i�m�u�m�O�C�C�c�a�t�c�h
�'�S �t�a�k�e�n�a�s�t�h�e�t�o�t�a�l�f�a�l�l�o�u�t�,�t�h�e�n�i�t �m�u�s�t�b�e�c�o�n�c�l�u�d�e�d�t�h�a�t�e�s�s�e�n�t�i�a�l�l�y�n�o�a�c�t�i�v�i�t�y�w�a�s�l�o�s�t�t�o
�d�e�p�t�h�s�g�r�e�a�t�e�r�t�h�a�n�t�h�o�s�e�i�n�d�i�c�a�t�e�d�.�A�l�t�h�o�u�g�h�t�h�e�b�r�e�a�k�u�p�o�f �f�r�i�a�b�l�e�p�a�r�t�i�c�l�e�s�a�n�d�d�i�s�s�o�l�u�t�i�o�n

�1�1�9



�o�f �s�u�r�f�a�c�e�-�p�a�r�t�i�c�l�e�a�c�t�i�v�i�t�y�m�i�g�h�t�p�r�o�v�i�d�e�a�n�e�x�p�l�a�n�a�t�i�o�n�,�c�o�n�t�r�a�r�y�e�v�i�d�e�n�c�e�e�x�i�s�t�s�i�n �t�h�e�r�a�p�i�d
�i�n�i�t�i�a�l �s�e�t�t�l�i�n�g�r�a�t�e�s�o�b�s�e�r�v�e�d�i�n �s�o�m�e�p�r�o�f�i�l�e�s�,�t�h�e�s�o�l�i�d�n�a�t�u�r�e�o�f �m�a�n�y�p�a�r�t�i�c�l�e�s�f�r�o�m�w�h�i�c�h
�o�n�l�y�~�2�0�p�e�r�c�e�n�t�o�f �t�h�e�a�c�t�i�v�i�t�y�i�s �l�e�a�c�h�a�b�l�e�i�n �4�8�h�o�u�r�s�,�a�n�d�t�h�e�b�e�h�a�v�i�o�r�o�f �Z�u�n�i�f�a�l�l�o�u�t�i�n �t�h�e
�Y�A�G�3�9�d�e�c�a�y�t�a�n�k�. �R�e�l�a�t�i�v�e�c�o�n�c�e�n�t�r�a�t�i�o�n�s�o�f �3�4�,�5�6�,�a�n�d�1�0�0�w�e�r�e�o�b�s�e�r�v�e�d�f�o�r �s�a�m�p�l�e�s�t�a�k�e�n
�f�r�o�m�t�h�e�l�a�t�t�e�r�u�n�d�e�r�t�r�a�n�q�u�i�l�,�s�t�i�r�r�e�d�,�a�n�d�s�t�i�r�r�e�d�-�p�l�u�s�-�a�c�i�d�i�f�i�e�d�c�o�n�d�i�t�i�o�n�s�.�(�B�a�s�e�d�o�n�t�h�i�s
�i�n�f�o�r�m�a�t�i�o�n�a�n�d�t�h�e�e�a�r�l�y�S�h�o�t�T�e�w�a�p�r�o�f�i�l�e�s�o�f �F�i�g�u�r�e�3�.�1�0�,�t�h�e�a�m�o�u�n�t�l�o�s�t�i�s �e�s�t�i�m�a�t�e�d�a�t

�a�b�o�u�t�5�0�p�e�r�c�e�n�t�a�t �t�h�e�Y�A�G�3�9�l�o�c�a�t�i�o�n�s�i�n �R�e�f�e�r�e�n�c�e�2�0�.�} �[�I�f �o�n�t�h�e�o�t�h�e�r�h�a�n�d�i�t �i�s �a�s�s�u�m�e�d

�t�h�a�t�a �c�e�r�t�a�i�n�a�m�o�u�n�t�o�f �a�c�t�i�v�i�t�y�w�a�s�l�o�s�t�t�o �g�r�e�a�t�e�r�d�e�p�t�h�s�,�t�h�e�n�t�h�e�c�u�r�i�o�u�s�c�o�i�n�c�i�d�e�n�c�e�t�h�a�t

�t�h�i�s�w�a�s�n�e�a�r�l�y�e�q�u�a�l�t�o �t�h�e�d�e�f�i�c�i�t�o�f �t�h�e�m�a�x�i�m�u�m�O�C�C�c�o�l�l�e�c�t�i�o�n�m�u�s�t�b�e�a�c�c�e�p�t�e�d�.

�I�t �i�s �u�n�l�i�k�e�l�y�t�h�a�t�a�n�y�a�p�p�r�e�c�i�a�b�l�e�a�m�o�u�n�t�o�f �a�c�t�i�v�i�t�y�w�a�s�J�o�s�t�b�e�l�o�w�t�h�e�s�t�i�r�r�e�d�l�a�y�e�r�f�o�l�l�o�w�-

�i�n�g�S�h�o�t�s�F�l�a�t�h�e�a�d�a�n�d�N�a�v�a�j�o�.�N�o�a�c�t�i�v�e�s�o�l�i�d�s�o�t�h�e�r�t�h�a�n�t�h�e �s�o�l�i�d�s�o�f �t�h�e�s�l�u�r�r�y�p�a�r�t�i�c�l�e�s�,

�w�h�i�c�h�e�x�i�s�t�e�d�a�l�m�o�s�t�c�o�m�p�l�e�t�e�l�y�i�n �s�i�z�e�s�t�o�o�s�m�a�l�l�t�o �h�a�v�e�s�e�t�t�l�e�d�b�e�l�o�w�t�h�e�o�b�s�e�r�v�e�d�d�e�p�t�h�i�n

�t�h�e�t�i�m�e�a�v�a�i�l�a�b�l�e�,�w�e�r�e�c�o�l�l�e�c�t�e�d�d�u�r�i�n�g�t�h�e�s�e �s�h�o�t�s�(�S�e�c�t�i�o�n�3�.�3�.�2�}�.
�I�n �v�i�e�w�o�f �t�h�e�s�e�c�o�n�s�i�d�e�r�a�t�i�o�n�s�a�n�d�t�h�e�r�e�l�a�t�i�v�e�r�e�l�i�a�b�i�l�i�t�y�o�f �t�h�e�d�a�t�a�(�S�e�c�t�i�o�n�4�.�2�)�, �i�t �i�s �r�e�c�-

�o�m�m�e�n�d�e�d�t�h�a�t�t�h�e�m�a�x�i�m�u�m�p�l�a�t�f�o�r�m�c�o�l�l�e�c�t�i�o�n�s�(�T�a�b�l�e�B�.�1�2�)�b�e�u�t�i�l�i�z�e�d�a�s�t�h�e�b�e�s�t�e�s�t�i�m�a�t�e
�o�f �t�h�e�t�o�t�a�l�a�m�o�u�n�t�o�f �a�c�t�i�v�i�t�y�d�e�p�o�s�i�t�e�d�p�e�r�u�n�i�t�a�r�e�a�.�A�n�e�r�r�o�r�o�f �a�b�o�u�t�+�5�0�p�e�r�c�e�n�t�s�h�o�u�l�d

�b�e�a�s�s�o�c�i�a�t�e�d�w�i�t�h�e�a�c�h�v�a�l�u�e�,�h�o�w�e�v�e�r�,�t�o �a�l�l�o�w�f�o�r�t�h�e�u�n�c�e�r�t�a�i�n�t�i�e�s�d�i�s�c�u�s�s�e�d�a�b�o�v�e�.�A�l�t�h�o�u�g�h
�s�t�r�i�c�t�l�y�s�p�e�a�k�i�n�g�,�t�h�i�s�p�r�o�c�e�d�u�r�e�i�s �a�p�p�l�i�c�a�b�l�e�o�n�l�y�i�n �t�h�o�s�e�c�a�s�e�s�w�h�e�r�e�S�i�n�g�l�e�-�w�i�n�d�d�e�p�o�s�i�t�i�o�n

�p�r�e�v�a�i�l�e�d�,�i�t �a�p�p�e�a�r�s�f�r�o�m�T�a�b�l�e�4�.�6�t�h�a�t�c�o�m�p�a�r�a�b�l�e�a�c�c�u�r�a�c�y�m�a�y�b�e�a�c�h�i�e�v�e�d�f�o�r�c�a�s�e�s�o�f

�m�u�l�t�i�w�i�n�d�d�e�p�o�s�i�t�i�o�n�b�y�r�e�t�a�i�n�i�n�g�t�h�e�s�a�m�e�p�e�r�c�e�n�t�e�r�r�o�r�a�n�d�d�o�u�b�l�i�n�g�t�h�e�m�e�a�n�p�l�a�t�f�o�r�m�v�a�l�u�e�.

�4�.�3�.�3�G�r�o�s�s�P�r�o�d�u�c�t�D�e�c�a�y�.�T�h�e�r�e�s�u�l�t�s�p�r�e�s�e�n�t�e�d�i�n �S�e�c�t�i�o�n�3�.�4�.�6�a�l�l�o�w�c�o�m�p�u�t�a�t�i�o�n�o�f
�s�e�v�e�r�a�l�o�t�h�e�r�r�a�d�i�o�l�o�g�i�c�a�l�p�r�o�p�e�r�t�i�e�s�o�f �f�i�s�s�i�o�n�p�r�o�d�u�c�t�s�,�a�m�o�n�g�t�h�e�m�t�h�e�g�r�o�s�s�d�e�c�a�y�e�x�p�o�n�e�n�t�,
�S�o�m�e�d�i�s�c�u�s�s�i�o�n�i�s �w�a�r�r�a�n�t�e�d�b�e�c�a�u�s�e�o�f �t�h�e�c�o�m�m�o�n�p�r�a�c�t�i�c�e�o�f �a�p�p�l�y�i�n�g�a �t�'�-�* �d�e�c�a�y�f�u�n�c�t�i�o�n
�t�o �a�n�y�k�i�n�d�o�f �s�h�o�t�,�a�t �a�n�y�t�i�m�e�,�f�o�r �a�n�y�i�n�s�t�r�u�m�e�n�t�.

�T�h�i�s�e�x�p�o�n�e�n�t�,�p�o�p�u�l�a�r�i�z�e�d�b�y�R�e�f�e�r�e�n�c�e�5�8�,�i�s�a�p�p�a�r�e�n�t�l�y�b�a�s�e�d�o�n�a �t�h�e�o�r�e�t�i�c�a�l�a�p�p�r�o�x�i�m�a�-
�t�i�o�n�t�o �t�h�e�b�e�t�a�-�d�e�c�a�y�r�a�t�e�o�f �f�i�s�S�i�o�n�p�r�o�d�u�c�t�s�m�a�d�e�i�n �1�9�4�7 �(�R�e�f�e�r�e�n�c�e�5�9�)�, �a�n�d�s�o�m�e�e�x�p�e�r�i�-
�m�e�n�t�a�l�g�a�m�m�a�e�n�e�r�g�y�-�e�m�i�s�s�i�o�n�r�a�t�e�s�c�i�t�e�d�i�n �t�h�e�S�a�m�e�r�e�f�e�r�e�n�c�e�.�A�l�t�h�o�u�g�h�t�h�e�s�e�e�a�r�l�y�t�h�e�o�-

�r�e�t�i�c�a�l�r�e�s�u�l�t�s�a�r�e�r�e�m�a�r�k�a�b�l�y�g�o�o�d�w�h�e�n�r�e�s�t�r�i�c�t�e�d�t�o �t�h�e�f�i�s�s�i�o�n�-�p�r�o�d�u�c�t�p�r�o�p�e�r�t�i�e�s�a�n�d�t�i�m�e�s

�f�o�r �w�h�i�c�h�t�h�e�y�w�e�r�e�i�n�t�e�n�d�e�d�,�t�h�e�y�h�a�v�e�b�e�e�n�s�u�p�e�r�s�e�d�e�d�(�R�e�f�e�r�e�n�c�e�s�4�1�, �6�0�,�6�1�, �a�n�d�6�2�)�;�a�n�d�,

�e�x�c�e�p�t�f�o�r �s�i�m�p�l�e�p�l�a�n�n�i�n�g�a�n�d�e�S�t�i�m�a�t�i�n�g�,�t�h�e�m�o�r�e�-�e�x�a�c�:�r�e�s�u�l�t�s�o�f �t�h�e�l�a�t�t�e�r�w�o�r�k�s�s�h�o�u�l�d
�b�e �u�s�e�d�.

�I�f �f�r�a�c�t�i�o�n�a�t�i�o�n�o�c�c�u�r�s�a�m�o�n�g�t�h�e�f�i�s�s�i�o�n�p�r�o�d�u�c�t�s�,�t�h�e�y�c�a�n�n�o�l�o�n�g�e�r�b�e�c�o�n�s�i�d�e�r�e�d�a �s�t�a�n�d�-

�a�r�d�e�n�t�i�t�y�w�i�t�h �a�f�i�x�e�d �s�e�t�o�f �t�i�m�e�-�d�e�p�e�n�d�e�n�t�p�r�o�p�e�r�t�i�e�s�;�a�f�r�a�c�t�i�o�n�a�t�e�d�m�i�x�t�u�r�e�h�a�s�i�t�s �o�w�n�s�e�t

�o�f �p�r�o�p�e�r�t�i�e�s�w�h�i�c�h�m�a�y�v�a�r�y�o�v�e�r�a �w�i�d�e�r�a�n�g�e�f�r�o�m�t�h�a�t�f�o�r�n�o�r�m�a�l�f�i�s�s�i�o�n�p�r�o�d�u�c�t�s�.
�A�n�o�t�h�e�r�s�o�u�r�c�e�o�f �v�a�r�i�a�t�i�o�n�i�s �i�n�d�u�c�e�d�a�c�t�i�v�i�t�i�e�s�w�h�i�c�h�,�c�o�n�t�r�a�r�y�t�o �S�e�c�t�i�o�n�9�.�1�9�o�f �R�e�f�e�r�e�n�c�e

�4�7�, �c�a�n�S�i�g�n�i�f�i�c�a�n�t�l�y�a�l�t�e�r�b�o�t�h�t�h�e�b�a�s�i�c�f�i�s�s�i�o�n�-�p�r�o�d�u�c�t�-�d�e�c�a�v�c�u�r�v�e�s�h�a�p�e�a�n�d�g�r�o�s�s�p�r�o�p�e�r�t�y

�m�a�g�n�i�t�u�d�e�s�p�e�r�f�i�s�s�i�o�n�.�;

� 

�T�h�e�i�n�d�u�c�e�d�p�r�o�d�u�c�t�s�c�o�n�t�r�i�b�u�t�e�d�6�3�p�e�r�c�e�n�t�o�f �t�h�e�t�o�t�a�l�d�o�s�e�r�c�:�z
�i�n �t�h�e�B�i�k�i�n�i�L�a�g�o�o�n�a�r�e�a�1�1�0�h�o�u�r�s�a�f�t�e�r�S�h�o�t �Z�u�n�i�;�a�n�d�6�5�p�e�r�c�e�n�t�o�f �t�h�e�d�o�s�e�r�a�t�e�f�r�o�m�S�h�o�t

�N�a�v�a�j�o�p�r�o�d�u�c�t�s�a�t �a�n�a�g�e�o�f �3�0�1�d�a�y�s�w�a�s�d�u�e�t�o �i�n�d�u�c�e�d�p�r�o�d�u�c�t�s�,�m�a�i�n�l�y�M�n!"�a�n�d�T�a ��®�?�_�A�l�- �©
�t�h�o�u�g�h�m�a�n�y�e�x�a�m�p�l�e�s�c�o�u�l�d�b�e�f�o�u�n�d�w�h�e�r�e�i�n�d�u�c�e�d�a�c�t�i�v�i�t�i�e�s�a�r�e�o�f �l�i�t�t�l�e �c�o�n�c�e�r�n�,�t�h�e �a�p�r�i�o�r�t

�a�s�s�u�m�p�t�i�o�n�t�h�a�t�t�h�e�y�a�r�e�o�f �n�e�g�l�i�g�i�b�l�e�i�m�p�o�r�t�a�n�c�e�i�s �u�n�s�o�u�n�d�.
�B�e�c�a�u�s�e�t�h�e�g�r�o�s�s�d�i�s�i�n�t�e�g�r�a�t�i�o�n�r�a�t�e�p�e�r�f�i�s�s�i�o�n�o�f �f�i�s�s�i�o�n�p�r�o�d�u�c�t�s�m�a�y�v�a�r�y�f�r�o�m�s�h�o�t�t�e

�s�h�o�t�f�o�r �t�h�e�r�e�a�s�o�n�m�e�n�t�i�o�n�e�d�a�b�o�v�e�,�i�t �i�s �a�p�p�a�r�e�n�t�t�h�a�t�g�a�m�m�a�-�r�a�y�p�r�o�p�e�r�t�i�e�s�w�i�l�l �a�l�s�o�v�a�r�y�,�;
�a�n�d�t�h�e�m�e�a�s�u�r�e�m�e�n�t�o�f �a�n�y�o�f �t�h�e�s�e�w�i�t�h�a�n�i�n�s�t�r�u�m�e�n�t�w�h�o�s�e�r�e�s�p�o�n�s�e�v�a�r�i�e�s�w�i�t�h�p�h�o�t�o�n�e�a�-

�e�r�g�y�f�u�r�t�h�e�r�c�o�m�p�l�i�c�a�t�e�s�m�a�t�t�e�r�s�.

�A�l�t�h�o�u�g�h�i�n�s�p�e�c�t�i�o�n�o�f �a�n�y�o�f �t�h�e�d�e�c�a�y�c�u�r�v�e�s�p�r�e�s�e�n�t�e�d�m�a�y�s�h�o�w�a�n�a�p�p�r�o�x�i�m�a�t�e�r�t�?

�a�v�e�r�a�g�e�d�e�c�a�y�r�a�t�e�w�h�e�n�t�h�e�t�i�m�e�p�e�r�i�o�d�i�s �j�u�d�i�c�i�o�u�s�l�y�c�h�o�s�e�n�,�i�t �i�s �e�v�i�d�e�n�t�t�h�a�t�t�h�e�s�l�o�p�e�+�5
�c�o�n�t�i�n�u�o�u�s�l�y�c�h�a�n�g�i�n�g�,�a�n�d�m�o�r�e�i�m�p�o�r�t�a�n�t�,�t�h�a�t�t�h�e�a�b�s�o�l�u�t�e�v�a�l�u�e�s�o�f �t�h�e�f�u�n�c�t�i�o�n�s�,�&�.�¢�-�-

�p�h�o�t�o�n�s�p�e�r�s�e�c�o�n�d�p�e�r�f�i�s�s�i�o�n�o�r �r�o�e�n�t�g�e�n�s�p�e�r�h�o�u�r�p�e�r�f�i�s�s�i�o�n�s�p�e�r�S�q�u�a�r�e�f�o�o�t�, �v�a�r�y�C�9�#�"
�s�i�d�e�r�a�b�l�y�w�i�t�h�s�a�m�p�l�e�c�o�m�p�o�s�i�t�i�o�n�. �t�a

�A�S�a�n�e�x�a�m�p�l�e�o�f �t�h�e�e�r�r�o�r�s�w�h�i�c�h�m�a�y�b�e�i�n�t�r�o�d�u�c�e�d�b�y�i�n�d�i�s�c�r�i�m�i�n�a�t�e�u�s�e�o�f �t�h�e�t ��"�*�~

�1�2�0



�t�i�o�n�o�r�b�y�a�s�s�u�m�i�n�g�t�h�a�t�a�l�l �e�f�f�e�c�t�s�d�e�c�a�y�a�l�i�k�e�,�c�o�n�s�i�d�e�r�t�h�e�l�a�g�o�o�n�-�a�r�e�a�i�o�n�i�z�a�t�i�o�n�c�u�r�v�e�f�o�r
�S�h�o�t�T�e�w�a�(�F�i�g�u�r�e�3�.�3�9�)�w�h�i�c�h�i�n�d�i�c�a�t�e�s�t�h�a�t�t�h�e�1�-�h�o�u�r�d�o�s�e�r�a�t�e�m�a�y�b�e�o�b�t�a�i�n�e�d�b�y�m�u�l�t�i�p�l�y�-
�i�n�g�t�h�e�2�4�-�h�o�u�r�v�a�l�u�e�b�y�6�1�.�3�. �A�t�~�'�?�c�o�r�r�e�c�t�i�o�n�y�i�e�l�d�s�i�n�s�t�e�a�d�a�f�a�c�t�o�r�o�f �4�5�.�4�( ��2�6�p�e�r�c�e�n�t
�e�r�r�o�r�)�,�a�n�d�i�f �t�h�e�d�o�g�h�o�u�s�e�-�d�e�c�a�y�c�u�r�v�e�i�s �a�s�s�u�m�e�d�p�r�o�p�o�r�t�i�o�n�a�l�t�o �t�h�e�i�o�n�i�z�a�t�i�o�n�-�d�e�c�a�y�c�u�r�v�e�,
�a�f�a�c�t�o�r�o�f �2�8�.�3�(�5�4�p�e�r�c�e�n�t�)�r�e�s�u�l�t�s�.�T�o�c�o�r�r�e�c�t�a�n�y�e�f�f�e�c�t�t�o �a�n�o�t�h�e�r�t�i�m�e�i�t �i�s �i�m�p�o�r�t�a�n�t�,
�t�h�e�r�e�f�o�r�e�,�t�o�u�s�e �a�t�h�e�o�r�e�t�i�c�a�l�o�r�o�b�s�e�r�v�e�d�d�e�c�a�y�r�a�t�e�f�o�r�t�h�a�t�p�a�r�t�i�c�u�l�a�r�e�f�f�e�c�t�.

�4�.�3�.�4�F�r�a�c�t�i�o�n�o�f �D�e�v�i�c�e�b�y�C�h�e�m�i�s�t�r�y�a�n�d�R�a�d�i�o�c�h�e�m�i�s�t�r�y�.�T�h�e�s�i�z�e�o�f�a�n�y�s�a�m�p�l�e�m�a�y�b�e
�e�x�p�r�e�s�s�e�d�a�s�s�o�m�e�f�r�a�c�t�i�o�n�o�f�d�e�v�i�c�e�.�I�n �p�r�i�n�c�i�p�l�e�,�a�n�y�d�e�v�i�c�e�c�o�m�p�o�n�e�n�t�w�h�o�s�e�i�n�i�t�i�a�l�w�e�i�g�h�t

�i�s �k�n�o�w�n�m�a�y�s�e�r�v�e�a�s�a�f�r�a�c�t�i�o�n�i�n�d�i�c�a�t�o�r�;�a�n�d�i�n �t�h�e�a�b�s�e�n�c�e�o�f �f�r�a�c�t�i�o�n�a�t�i�o�n�a�n�d�a�n�a�l�y�t�i�c�a�l�e�r�-

�r�o�r�s�,�a�l�l �i�n�d�i�c�a�t�o�r�s�w�o�u�l�d�y�i�e�l�d�t�h�e�s�a�m�e�f�r�a�c�t�i�o�n�f�o�r�a�g�i�v�e�n�s�a�m�p�l�e�.�I�n�p�r�a�c�t�i�c�e�,�h�o�w�e�v�e�r�,

�o�n�l�y�o�n�e�o�r�t�w�o�o�f �t�h�e�l�a�r�g�e�s�t�i�n�e�r�t�c�o�m�p�o�n�e�n�t�s�w�i�l�l�y�i�e�l�d�e�n�o�u�g�h�m�a�t�e�r�i�a�l�i�n �t�h�e�u�s�u�a�l�f�a�l�l�o�u�t
�s�a�m�p�l�e�t�o�a�l�l�o�w�r�e�l�i�a�b�l�e�m�e�a�s�u�r�e�m�e�n�t�s�.�T�h�e�s�e�m�e�a�s�u�r�e�m�e�n�t�s�a�l�s�o�r�e�q�u�i�r�e�a�c�c�u�r�a�t�e�k�n�o�w�l�e�d�g�e
�o�f�t�h�e�a�m�o�u�n�t�a�n�d�v�a�r�i�a�b�i�l�i�t�y�o�f �b�a�c�k�g�r�o�u�n�d�m�a�t�e�r�i�a�l�p�r�e�s�e�n�t�,�a�n�d�f�r�a�c�t�i�o�n�a�t�i�o�n�m�u�s�t�n�o�t�b�e�i�n�-

�t�r�o�d�u�c�e�d�i�n �t�h�e�r�e�c�o�v�e�r�y�o�f �t�h�e�s�a�m�p�l�e�f�r�o�m�i�t�s �c�o�l�l�e�c�t�o�r�. �.
�T�h�e�n�e�t�a�m�o�u�n�t�s�o�f �s�e�v�e�r�a�l�e�l�e�m�e�n�t�s�c�o�l�l�e�c�t�e�d�h�a�v�e�b�e�e�n�g�i�v�e�n�i�n �S�e�c�t�i�o�n�3�.�4�.�4�,�w�i�t�h�a�n�a�s�-

�s�e�s�s�m�e�n�t�o�f �b�a�c�k�g�r�o�u�n�d�s�a�n�d�c�o�m�p�o�n�e�n�t�s�o�f �c�o�r�a�l�a�n�d�s�e�a�w�a�t�e�r�.�T�h�e�r�e�s�i�d�u�a�l�s�o�f �o�t�h�e�r�e�l�e�-
�m�e�n�t�s�a�r�e�c�o�n�s�i�d�e�r�e�d�t�o�b�e�d�u�e�t�o�t�h�e�d�e�v�i�c�e�,�a�n�d�m�a�y�t�h�e�r�e�f�o�r�e�b�e�c�o�n�v�e�r�t�e�d�t�o�f�r�a�c�t�i�o�n�o�f
�d�e�v�i�c�e�(�u�s�i�n�g�T�a�b�l�e�B�.�1�7�)�a�n�d�c�o�m�p�a�r�e�d�d�i�r�e�c�t�l�y�w�i�t�h�r�e�s�u�l�t�s�o�b�t�a�i�n�e�d�f�r�o�m�M�o ��.�T�h�i�s�h�a�s
�b�e�e�n�d�o�n�e�f�o�r�i�r�o�n�a�n�d�u�r�a�n�i�u�m�,�w�i�t�h�t�h�e�r�e�s�u�l�t�s�s�h�o�w�n�i�n �T�a�b�l�e�4�.�8�. �F�r�a�c�t�i�o�n�s�b�y�c�o�p�p�e�r
�p�r�o�v�e�d�i�n�e�x�p�l�i�c�a�b�l�y�h�i�g�h�(�f�a�c�t�o�r�s�o�f �1�0�0�t�o �1�,�0�0�0�o�r �m�o�r�e�)�,�a�s�d�i�d�a �f�e�w�u�n�r�e�p�o�r�t�e�d�a�n�a�l�y�s�e�s

�f�o�r�l�e�a�d�;�t�h�e�s�e�r�e�s�u�l�t�s�h�a�v�e�b�e�e�n�o�m�i�t�t�e�d�.�T�h�e�i�r�o�n�a�n�d�u�r�a�n�i�u�m�v�a�l�u�e�s�f�o�r �t�h�e�l�a�r�g�e�s�t�s�a�m�p�l�e�s
�a�r�e�s�e�e�n�t�o �c�o�m�p�a�r�e�f�a�i�r�l�y�w�e�l�l�w�i�t�h�M�o�* ��, �w�h�i�l�e�t�h�e�s�m�a�l�l�e�r�s�a�m�p�l�e�s�t�e�n�d�t�o �y�i�e�l�d�e�r�r�a�t�i�c�a�n�d
�u�n�r�e�l�i�a�b�l�e�r�e�s�u�l�t�s�.

� 

�4�.�3�.�5�T�o�t�a�l�D�o�s�e�b�y�D�o�s�i�m�e�t�e�r�a�n�d�T�i�m�e�-�I�n�t�e�n�s�i�t�y�R�e�c�o�r�d�e�r�.�S�t�a�n�d�a�r�d�f�i�l�m�-�p�a�c�k�d�o�s�i�m�e�t�e�r�s�,

�p�r�e�p�a�r�e�d�a�n�d�d�i�s�t�r�i�b�u�t�e�d�i�n �t�h�e�f�i�e�l�d�b�y�t�h�e�U�.�S�.�A�r�m�y�S�i�g�n�a�l�E�n�g�i�n�e�e�r�i�n�g�L�a�b�o�r�a�t�o�r�i�e�s�,�P�r�o�j�e�c�t
�2�.�1�, �w�e�r�e�p�l�a�c�e�d�a�f �e�a�c�h�m�a�j�o�r�a�n�d�m�i�n�o�r�s�a�m�p�l�i�n�g�a�r�r�a�y�f�o�r�a�l�l �s�h�o�t�s�.�F�o�l�l�o�w�i�n�g�s�a�m�p�l�e�r�e�-

�c�o�v�e�r�y�,�t�h�e�f�i�l�m�p�a�c�k�s�w�e�r�e�r�e�t�u�r�n�e�d�t�o�t�h�i�s�p�r�o�j�e�c�t�f�o�r�p�r�o�c�e�s�s�i�n�g�a�n�d�i�n�t�e�r�p�r�e�t�a�t�i�o�n�a�s�d�e�s�c�r�i�b�-

�e�d�i�n �R�e�f�e�r�e�n�c�e�7�6�;�t�h�e�r�e�s�u�l�t�s�a�p�p�e�a�r�i�n �T�a�b�l�e�4�.�9�.
�T�h�e�g�e�o�m�e�t�r�i�e�s�t�o �w�h�i�c�h�t�h�e�d�o�s�i�m�e�t�e�r�s�w�e�r�e�e�x�p�o�s�e�d�w�e�r�e�a�l�w�a�y�s�c�o�m�p�l�i�c�a�t�e�d�a�n�d�,�i�n�a

�f�e�w�i�n�s�t�a�n�c�e�s�,�v�a�r�i�e�d�b�e�t�w�e�e�n�s�h�o�t�s�.�I�n �t�h�e�c�a�s�e�o�f �t�h�e�s�h�i�p�a�r�r�a�y�s�,�t�h�e�y�w�e�r�e�l�o�c�a�t�e�d�o�n�t�o�p

�a�f �t�h�e�T�I�R�d�o�m�e�i�n�t�h�e�s�t�a�n�d�a�r�d�p�l�a�t�f�o�r�m�.�O�n�H�o�w�-�F�a�n�d�Y�F�N�B�2�9�, �S�h�o�t�Z�u�n�i�,�t�h�e�y�w�e�r�e�t�a�p�e�d
�t�o�a�n�O�C�C�s�u�p�p�o�r�t�~�2 �f�e�e�t�a�b�o�v�e�t�h�e�d�e�c�k�o�f �t�h�e�p�l�a�t�f�o�r�m�b�e�f�o�r�e�t�h�e�r�e�c�o�v�e�r�y�p�r�o�c�e�d�u�r�e�b�e�c�a�m�e
�e�s�t�a�b�l�i�s�h�e�d�.�A�l�l�o�t�h�e�r�m�a�j�o�r�a�r�r�a�y�f�i�l�m�p�a�c�k�s�w�e�r�e�t�a�p�e�d�t�o �t�h�e�R�A�m�a�s�t�o�r�l�a�d�d�e�r�s�t�a�n�c�h�i�o�n
�~�2�.�5�f�e�e�t�a�b�o�v�e�t�h�e�r�i�m�o�f �t�h�e�p�l�a�t�f�o�r�m�t�o�f�a�c�i�l�i�t�a�t�e�t�h�e�i�r�r�e�c�o�v�e�r�y�u�n�d�e�r�h�i�g�h�-�d�o�s�e�-�r�a�t�e�c�o�n�d�i�-
�t�i�o�n�s�. �M�i�n�o�r�a�r�r�a�y�d�o�s�i�m�e�t�e�r�s�w�e�r�e�l�o�c�a�t�e�d�o�n�t�h�e�e�x�t�e�r�i�o�r�s�u�r�f�a�c�e�o�f�t�h�e�s�h�i�e�l�d�i�n�g�c�o�n�e�~�4�.�5
�f�e�e�t�a�b�o�v�e�t�h�e�b�a�s�e�i�n �t�h�e�c�a�s�e�o�f �t�h�e�r�a�f�t�s�a�n�d�i�s�l�a�n�d�s�,�a�n�d�~�5�f�e�e�t�a�b�o�v�e�t�h�e�d�e�c�k�o�n�t�h�e�m�a�s�t�s

�o�f �a�l�l �s�k�i�f�f�s�e�x�c�e�p�t�S�k�i�f�f�s�B�B�a�n�d�D�D�w�h�e�r�e�t�h�e�y�w�e�r�e�l�o�c�a�t�e�d�~�1�0�f�e�e�t�a�b�o�v�e�t�h�e�d�e�c�k�o�n�t�h�e
�m�a�s�t�f�o�r�S�h�o�t�Z�u�n�i�;�s�u�b�s�e�q�u�e�n�t�l�y�t�h�e�m�a�s�t�s�w�e�r�e�s�h�o�r�t�e�n�e�d�f�o�r�o�p�e�r�a�t�i�o�n�a�l�r�e�a�s�o�n�s�.

�W�h�e�r�e�p�o�s�s�i�b�l�e�,�t�h�e�d�o�s�e�r�e�c�o�r�d�e�d�b�y�t�h�e�f�i�l�m�p�a�c�k�i�s �c�o�m�p�a�r�e�d�w�i�t�h�t�h�e�i�n�t�e�g�r�a�t�e�d�T�I�R
�r�e�a�d�i�n�g�s�(�T�a�b�l�e�B�.�1�)�f�o�r�t�h�e�p�e�r�i�o�d�b�e�t�w�e�e�n�t�h�e�t�i�m�e�o�f �f�a�l�l�o�u�t�a�r�r�i�v�a�l�a�t �t�h�e�s�t�a�t�i�o�n�a�n�d�t�h�e
�t�i�m�e�w�h�e�n�t�h�e�f�i�l�m�p�a�c�k�w�a�s�r�e�c�o�v�e�r�e�d�;�t�h�e�r�e�s�u�l�t�s�a�r�e�s�h�o�w�n�i�n �T�a�b�l�e�4�.�9�. �I�t �h�a�s�a�l�r�e�a�d�y�b�e�e�n
�i�n�d�i�c�a�t�e�d�(�S�e�c�t�i�o�n�3�.�4�.�6�)�t�h�a�t�t�h�e�T�I�R�r�e�c�o�r�d�s�o�n�l�y�a�p�o�r�t�i�o�n�o�f �t�h�e�t�o�t�a�l�d�o�s�e�i�n �a�g�i�v�e�n�r�a�d�i�a�t�i�o�n
�f�i�e�l�d�b�e�c�a�u�s�e�o�f �i�t�s �c�o�n�s�t�r�u�c�t�i�o�n�f�e�a�t�u�r�e�s�a�n�d�r�e�s�p�o�n�s�e�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.�T�h�i�s�i�s �b�o�r�n�e�o�u�t�b�y
�T�a�b�l�e�4�.�1�0�,�w�h�i�c�h�s�u�m�m�a�r�i�z�e�s�t�h�e�p�e�r�c�e�n�t�a�g�e�s�o�f �t�h�e�f�i�l�m�d�o�s�e�r�e�p�r�e�s�e�n�t�e�d�i�n �e�a�c�h�c�a�s�e�b�y�t�h�e
�T�R�d�o�s�e�.

�I�t �i�s �i�n�t�e�r�e�s�t�i�n�g�t�o�o�b�s�e�r�v�e�t�h�a�t�f�o�r�t�h�e�s�h�i�p�s�,�w�h�e�r�e�t�h�e�g�e�o�m�e�t�r�y�w�a�s�e�s�s�e�n�t�i�a�l�l�y�c�o�n�s�t�a�n�t�,
�t�h�i�s�p�e�r�c�e�n�t�a�g�e�r�e�m�a�i�n�s�m�u�c�h�t�h�e�s�a�m�e�f�o�r�a�l�l �s�h�o�t�s�e�x�c�e�p�t�N�a�v�a�j�o�,�w�h�e�r�e�i�t �i�s �c�o�n�s�i�s�t�e�n�t�l�y
�l�o�w�. �T�h�e�s�a�m�e�a�p�p�e�a�r�s�t�o�b�e�g�e�n�e�r�a�l�l�y�t�r�u�e�f�o�r�t�h�e�b�a�r�g�e�p�l�a�t�f�o�r�m�s�,�a�l�t�h�o�u�g�h�t�h�e�r�e�s�u�l�t�s�a�r�e
�m�u�c�h�m�o�r�e�d�i�f�f�i�c�u�l�t�t�o �e�v�a�l�u�a�t�e�.�A�p�o�s�s�i�b�l�e�e�x�p�l�a�n�a�t�i�o�n�m�a�y�l�i�e �i�n �t�h�e�e�n�e�r�g�y�-�r�e�s�p�o�n�s�e�c�u�r�v�e�s

�o�f �t�h�e�T�I�R�a�n�d�f�i�l�m�d�o�s�i�m�e�t�e�r�,�b�e�c�a�u�s�e�N�a�v�a�j�o�f�a�l�l�o�u�t�a�t �e�a�r�l�y�t�i�m�e�s�c�o�n�t�a�i�n�e�d�M�n�*�*�a�n�d�N�a �
�b�o�t�h�o�f �w�h�i�c�h�e�m�i�t �h�a�r�d�g�a�m�m�a�r�a�y�s ��w�h�i�l�e�t�h�e�s�e�w�e�r�e�o�f�l�i�t�t�l�e �i�m�p�o�r�t�a�n�c�e�o�r�a�b�s�e�n�t�i�n �t�h�e
�O�t�h�e�r�s�h�o�t�s�. �,

� 
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�4�.�3�.�6�R�a�d�i�o�c�h�e�m�i�s�t�r�y�-�S�p�e�c�t�r�o�m�e�t�r�y�C�o�m�p�a�r�i�s�o�n�.�C�a�l�i�b�r�a�t�e�d�s�p�e�c�t�r�o�m�e�t�e�r�m�e�a�s�u�r�e�m�e�n�t�s
�o�n�s�a�m�p�l�e�s�o�f �k�n�o�w�n�f�i�s�s�i�o�n�c�o�n�t�e�n�t�a�l�l�o�w�e�x�p�e�c�t�e�d�c�o�u�n�t�i�n�g�r�a�t�e�s�t�o �b�e�c�o�m�p�u�t�e�d�f�o�r �t�h�e�s�a�m�-
�p�l�e�s�i�n �a�n�y�g�a�m�m�a�c�o�u�n�t�e�r�f�o�r �w�h�i�c�h�t�h�e�r�e�s�p�o�n�s�e�i�s �s�i�m�p�l�y�r�e�l�a�t�e�d�t�o �t�h�e�g�r�o�s�s�p�h�o�t�o�n�f�r�e�q�u�e�n�c�y
�a�n�d�e�n�e�r�g�y�.�A�c�c�o�r�d�i�n�g�l�y�,�t�h�e�c�o�u�n�t�i�n�g�r�a�t�e�o�f �t�h�e�d�o�g�h�o�u�s�e�c�o�u�n�t�e�r�w�a�s�c�o�m�p�u�t�e�d�f�o�r�t�h�e�s�t�a�n�g�_
�a�r�d�-�c�l�o�u�d�s�a�m�p�l�e�s�b�y�a�p�p�l�i�c�a�t�i�o�n�o�f �t�h�e�c�a�l�i�b�r�a�t�i�o�n�c�u�r�v�e�(�R�e�f�e�r�e�n�c�e�4�3�)�t�o�t�h�e�s�p�e�c�t�r�a�l�l�i�n�e�s

�-�a�n�d�f�r�e�q�u�e�n�c�i�e�s�r�e�p�o�r�t�e�d�i�n �R�e�f�e�r�e�n�c�e�5�7�a�n�d�r�e�p�r�o�d�u�c�e�d�i�n �T�a�b�l�e�B�.�2�0�.�T�h�e�s�e�r�e�s�u�l�t�s�a�r�e
�c�o�m�p�a�r�e�d�w�i�t�h�o�b�s�e�r�v�a�t�i�o�n�s�i�n �T�a�b�l�e�4�.�1�1�,�a�s�w�e�l�l�a�s�w�i�t�h�t�h�o�s�e�o�b�t�a�i�n�e�d�p�r�e�v�i�o�u�s�l�y�u�s�i�n�g
�r�a�d�i�o�c�h�e�m�i�c�a�l�-�i�n�p�u�t�i�n�f�o�r�m�a�t�i�o�n�w�i�t�h�t�h�e�s�a�m�e�c�a�l�i�b�r�a�t�i�o�n�c�u�r�v�e�.�C�l�o�u�d�s�a�m�p�l�e�s�w�e�r�e�c�h�o�s�e�n�,
�b�e�c�a�u�s�e�t�h�e�s�a�m�e�p�h�y�s�i�c�a�l�s�a�m�p�l�e�w�a�s�c�o�u�n�t�e�d�b�o�t�h�i�n �t�h�e�s�p�e�c�t�r�o�m�e�t�e�r�a�n�d�d�o�g�h�o�u�s�e�c�o�u�n�t�e�r�,
�t�h�e�r�e�b�y�a�v�o�i�d�i�n�g�u�n�c�e�r�t�a�i�n�t�i�e�s�i�n �c�o�m�p�o�s�i�t�i�o�n�o�r�f�i�s�s�i�o�n�c�o�n�t�e�n�t�i�n�t�r�o�d�u�c�e�d�b�y�a�l�i�q�u�o�t�i�n�g�o�r�o�t�h�e�r
�h�a�n�d�l�i�n�g�p�r�o�c�e�s�s�e�s�.  �

�S�e�v�e�r�a�l�o�f �t�h�e�s�p�e�c�t�r�o�m�e�t�e�r�s�u�s�e�d�b�y�t�h�e�p�r�o�j�e�c�t�w�e�r�e�u�n�c�a�l�i�b�r�a�t�e�d�,�t�h�a�t�i�s�, �t�h�e�r�e�l�a�t�i�o�n�b�e�.

�t�w�e�e�n�t�h�e�a�b�s�o�l�u�t�e�n�u�m�b�e�r�o�f �s�o�u�r�c�e�p�h�o�t�o�n�s�e�m�i�t�t�e�d�p�e�r�u�n�i�t�t�i�m�e�a�t �e�n�e�r�g�y�E�a�n�d�t�h�e�r�e�s�u�l�t�i�n�g
�p�u�l�s�e�-�h�e�i�g�h�t�s�p�e�c�t�r�u�m�w�a�s�u�n�k�n�o�w�n�.�A�c�o�m�p�a�r�i�s�o�n�m�e�t�h�o�d�o�f �a�n�a�l�y�s�i�s�w�a�s�a�p�p�l�i�e�d�i�n �t�h�e�s�e

�c�a�s�e�s�,�r�e�q�u�i�r�i�n�g�t�h�e�a�r�e�a�o�f �a �s�e�m�i�-�i�s�o�l�a�t�e�d�r�e�f�e�r�e�n�c�e�p�h�o�t�o�p�e�a�k�,�w�h�o�s�e�n�u�c�l�i�d�e�s�o�u�r�c�e�w�a�s
�k�n�o�w�n�,�t�o�w�a�r�d�t�h�e�h�i�g�h�-�e�n�e�r�g�y�e�n�d�o�f �t�h�e�s�p�e�c�t�r�u�m�.�F�r�o�m�t�h�i�s�t�h�e�n�u�m�b�e�r�o�f�p�h�o�t�o�n�s�p�e�r�s�e�c�~

�o�n�d�s�p�e�r�f�i�s�s�i�o�n�s�p�e�r�a�r�e�a�c�a�n�b�e�c�o�m�p�u�t�e�d�.�T�h�e�a�r�e�a�o�f �t�h�e�p�h�o�t�o�p�e�a�k�a�s�c�r�i�b�e�d�t�o �t�h�e�i�n�d�u�c�e�d
�p�r�o�d�u�c�t�,�w�h�e�n�r�o�u�g�h�l�y�c�o�r�r�e�c�t�e�d�b�y�a�s�s�u�m�i�n�g�e�f�f�i�c�i�e�n�c�y�t�o �b�e�i�n�v�e�r�s�e�l�y�p�r�o�p�o�r�t�i�o�n�a�l�t�o �e�n�e�r�g�y�,
�y�i�e�l�d�s�p�h�o�t�o�n�s�p�e�r�s�e�c�o�n�d�s �p�e�r�f�i�s�s�i�o�n�s�.�T�h�e�l�a�t�t�e�r�q�u�a�n�t�i�t�y�l�e�a�d�s�s�e�r�i�a�l�l�y�,�v�i�a�t�h�e�d�e�c�a�y�S�c�h�e�m�e�,
�t�o �d�i�s�i�n�t�e�g�r�a�t�i�o�n�r�a�t�e�p�e�r�f�i�s�s�i�o�n�a�t �t�h�e�t�i�m�e�o�f �H�o�e�T�h�e�?�-�t�o�a�t�o�m�s�a�t �z�e�r�o �t�i�m�e�p�e�r
�f�i�s�s�i�o�n�,�w�h�i�c�h�i�s �t�h�e�d�e�s�i�r�e�d�p�r�o�d�u�c�t�/�f�i�s�s�i�o�n�r�a�t�i�o�. �T�h�e�? �i�n�e�a�t �0�.�7�6�M�e�v�p�r�o�v�i�d�e�s�a
�s�a�t�i�s�f�a�c�t�o�r�y�r�e�f�e�r�e�n�c�e�f�r�o�m�~�3�0�d�a�y�s�t�o �2�y�e�a�r�s�,�b�u�t�t�h�e�g�r�o�s�s�s�p�e�c�t�r�a�a�r�e�u�s�u�a�l�l�y�n�o�t�s�i�m�p�l�e
�e�n�o�u�g�h�t�o�p�e�r�m�i�t�u�s�e�o�f �t�h�i�s�p�r�o�c�e�d�u�r�e�u�n�t�i�l�a�n �a�g�e�o�f �~�'�, �y�e�a�r�h�a�s�b�e�e�n�r�e�a�c�h�e�d�.

�A�f�e�w�t�r�a�c�i�n�g�s�o�f �t�h�e�r�e�c�o�r�d�e�d�s�p�e�c�t�r�a�a�p�p�e�a�r�i�n �F�i�g�u�r�e�4�.�1�5�,�s�h�o�w�i�n�g�t�h�e�p�e�a�k�s�a�s�c�r�i�b�e�d�t�o

�t�h�e�n�u�c�l�i�d�e�s�o�f �T�a�b�l�e�3�.�2�0�. �W�h�e�r�e�v�e�r�p�o�s�s�i�b�l�e�,�s�p�e�c�t�r�a�a�t �d�i�f�f�e�r�e�n�t�a�g�e�s�w�e�r�e�e�x�a�m�i�n�e�d�t�o�i�n�-
�s�u�r�e�p�r�o�p�e�r�h�a�l�f�-�l�i�f�e�b�e�h�a�v�i�o�r�,�a�s�i�n �t�h�e�M�n�*�i�l�l�u�s�t�r�a�t�i�o�n�.�T�h�e�Z�u�n�i�c�l�o�u�d�-�s�a�m�p�l�e�s�p�e�c�t�r�u�m�a�t

�2�2�6�d�a�y�s�a�l�s�o�s�h�o�w�e�d�t�h�e�1�.�7�-�M�e�v�l�i�n�e�o�f �S�b�'�*�4�,�t�h�o�u�g�h�n�o�t�r�e�p�r�o�d�u�c�e�d�i�n �t�h�e�f�i�g�u�r�e�.�T�h�i�s�l�i�n�e
�w�a�s�b�a�r�e�l�y�d�e�t�e�c�t�a�b�l�e�i�n �t�h�e�H�o�w�I�s�l�a�n�d�s�p�e�c�t�r�u�m�,�s�h�o�w�n�f�o�r�c�o�m�p�a�r�i�s�o�n�,�a�n�d�t�h�e�0�.�6�0�-�M�e�v
�l�i�n�e�o�f �S�b ��c�o�u�l�d�n�o�t�b�e�d�e�t�e�c�t�e�d�a�t�a�l�l�.

�A�v�e�r�a�g�e�e�n�e�r�g�i�e�s�,�p�h�o�t�o�n�-�d�e�c�a�y�r�a�t�e�s�a�n�d�o�t�h�e�r�g�a�m�m�a�-�r�a�y�p�r�o�p�e�r�t�i�e�s�h�a�v�e�b�e�e�n�c�o�m�p�u�t�e�d
�f�r�o�m�t�h�e�r�e�d�u�c�e�d�s�p�e�c�t�r�a�l�d�a�t�a�i�n �T�a�b�l�e�B�.�2�0�a�n�d�a�p�p�e�a�r�i�n �T�a�b�l�e�B�.�2�1�.

�4�.�3�.�7�A�i�r�S�a�m�p�l�i�n�g�.�A�s�m�e�n�t�i�o�n�e�d�e�a�r�l�i�e�r�,�a�p�r�o�t�o�t�y�p�e�i�n�s�t�r�u�m�e�n�t�k�n�o�w�n�a�s�t�h�e�h�i�g�h�v�o�l�u�m�e
�f�i�l�t�e�r �(�H�V�F�)�w�a�s�p�r�o�o�f�-�t�e�s�t�e�d�d�u�r�i�n�g�t�h�e�o�p�e�r�a�t�i�o�n�o�n�t�h�e�s�h�i�p�-�a�r�r�a�y�p�l�a�t�f�o�r�m�s�.�T�h�i�s�i�n�s�t�r�u�m�e�n�t�,

�w�h�o�s�e�i�n�t�e�n�d�e�d�f�u�n�c�t�i�o�n�w�a�s�i�n�c�r�e�m�e�n�t�a�l�a�e�r�o�s�o�l�s�a�m�p�l�i�n�g�,�i�s �d�e�s�c�r�i�b�e�d�i�n �S�e�c�t�i�o�n�2�.�2�. �A�l�l �u�n�i�t�s

�w�e�r�e�o�r�i�e�n�t�e�d�f�o�r�e�a�n�d�a�f�t �i�n �t�h�e�b�o�w�r�e�g�i�o�n�o�f �t�h�e�p�l�a�t�f�o�r�m�b�e�t�w�e�e�n�t�h�e�t�w�o�I�C ��s�s�h�o�w�n�i�n �F�i�g�u�r�e

�A�.�1�. �T�h�e�s�a�m�p�l�i�n�g�h�e�a�d�s�o�p�e�n�e�d�v�e�r�t�i�c�a�l�l�y�u�p�w�a�r�d�,�w�i�t�h�t�h�e�p�l�a�n�e�o�f �t�h�e�f�i�l�t�e�r �h�o�r�i�z�o�n�t�a�l�,�a�n�d
�t�h�e�a�i�r�f�l�o�w�r�a�t�e�w�a�s�1�0�f�t�/�m�i�n�o�v�e�r�a �f�i�l�t�e�r�a�r�e�a�o�f�0�.�0�6�7�0�f�t�?�, �p�r�o�d�u�c�i�n�g�a�f�a�c�e�v�e�l�o�c�i�t�y�o�f �1�.�7
�m�p�h�,

�T�h�e�i�n�s�t�r�u�m�e�n�t�s�w�e�r�e�m�a�n�u�a�l�l�y�o�p�e�r�a�t�e�d�a�c�c�o�r�d�i�n�g�t�o �a�f�i�x�e�d�r�o�u�t�i�n�e�f�r�o�m�t�h�e�s�e�c�o�n�d�a�r�y
�c�o�n�t�r�o�l�r�o�o�m�o�f �t�h�e�s�h�i�p�;�t�h�e�f�i�r�s�t�f�i�l�t�e�r�w�a�s�o�p�e�n�e�d�w�h�e�n�f�a�l�l�o�u�t�w�a�s�d�e�t�e�c�t�e�d�a�n�d�l�e�f�t �o�p�e�n�u�n�t�i�l

�t�h�e�T�I�R�r�e�a�d�i�n�g�o�n�t�h�e�d�e�c�k�r�e�a�c�h�e�d�~�1�r�/�h�r�;�t�h�e�s�e�c�o�n�d�t�h�r�o�u�g�h�t�h�e�s�e�v�e�n�t�h�f�i�l�t�e�r�s�w�e�r�e�e�x�-
�p�o�s�e�d�f�o�r�1�4�-�h�o�u�r�i�n�t�e�r�v�a�l�s�,�a�n�d�t�h�e�l�a�s�t�f�i�l�t�e�r �w�a�s�k�e�p�t�o�p�e�n�u�n�t�i�l�i�t �w�a�s�e�v�i�d�e�n�t�t�h�a�t�t�h�e�f�a�l�l�o�u�t
�r�a�t�e�h�a�d�r�e�a�c�h�e�d�a�v�e�r�y�l�o�w�l�e�v�e�l�. �T�h�i�s�p�l�a�n�w�a�s�i�n�t�e�n�d�e�d�t�o �p�r�o�v�i�d�e �a�s�e�q�u�e�n�c�e�o�f�r�e�l�a�t�i�v�e�a�i�r
�c�o�n�c�e�n�t�r�a�t�i�o�n�m�e�a�s�u�r�e�m�e�n�t�s�d�u�r�i�n�g�t�h�e�f�a�l�l�o�u�t�p�e�r�i�o�d�,�a�l�t�h�o�u�g�h�w�h�e�n�1 �r�/�h�r�w�a�s�n�o�t�r�e�a�c�h�e�d
�o�n�l�y�o�n�e�f�i�l�t�e�r �w�a�s�e�x�p�o�s�e�d�.�T�h�e�o�r�e�t�i�c�a�l�l�y�,�r�e�m�o�v�a�l�o�f �t�h�e�d�i�m�e�t�h�y�l�t�e�r�e�p�h�a�l�a�t�e�f�i�l�t�e�r �m�a�t�e�r�i�a�l

�b�y�s�u�b�l�i�m�a�t�i�o�n�w�i�l�l �a�l�l�o�w�r�e�c�o�v�e�r�y�o�f �a�n�u�n�a�l�t�e�r�e�d�,�c�o�n�c�e�n�t�r�a�t�e�d�s�a�m�p�l�e�;�i�n �p�r�a�c�t�i�c�e�h�o�w�e�v�e�r�,

�t�h�e�s�u�b�l�i�m�a�t�i�o�n�p�r�o�c�e�s�s�i�s �s�o�s�l�o�w�t�h�a�t�i�t �w�a�s�n�o�t�a�t�t�e�m�p�t�e�d�f�o�r�t�h�i�s�o�p�e�r�a�t�i�o�n�.
�A�f�t�e�r�t�h�e�s�a�m�p�l�i�n�g�h�e�a�d�s�h�a�d�b�e�e�n�r�e�t�u�r�n�e�d�t�o �N�R�D�L�,�t�h�e�f�i�l�t�e�r �m�a�t�e�r�i�a�l�c�o�n�t�a�i�n�i�n�g�t�h�e�a�c�t�i�v�-

�i�t�y �w�a�s�r�e�m�o�v�e�d�a�s�c�o�m�p�l�e�t�e�l�y�a�s�p�o�s�s�i�b�l�e�a�n�d�m�e�a�s�u�r�e�d�i�n �t�h�e�4�-�7�i�o�n�i�z�a�t�i�o�n�c�h�a�m�b�e�r�;�t�h�e�s�e
�d�a�t�a�a�r�e�s�u�m�m�a�r�i�z�e�d�i�n �T�a�b�l�e�B�.�3�6�.�I�t �m�a�y�b�e �s�e�e�n�t�h�a�t�t�h�e�i�n�d�i�c�a�t�e�d�a�r�r�i�v�a�l�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s
�g�e�n�e�r�a�l�l�y�c�o�r�r�e�s�p�o�n�d�w�i�t�h�t�h�o�s�e�s�h�o�w�n�i�n �F�i�g�u�r�e�s�3�.�1�t�o �3�.�4�.

�A�c�o�m�p�a�r�a�t�i�v�e�s�t�u�d�y�w�a�s�a�l�s�o�m�a�d�e�f�o�r�s�o�m�e�s�h�o�t�s�o�f �t�h�e�t�o�t�a�l�n�u�m�b�e�r�o�f�f�i�s�s�i�o�n�s�p�e�r�s�q�u�a�r�e
�f�o�o�t�c�o�l�l�e�c�t�e�d�b�y�H�V�F ��s�,�I�C ��s�,�a�n�d�O�C�C ��s�l�o�c�a�t�e�d�o�n�t�h�e�s�a�m�e�p�l�a�t�f�o�r�m�.�I�o�n�i�z�a�t�i�o�n�-�c�h�a�m�b�e�r
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�a�c�t�i�v�i�t�i�e�s�w�e�r�e�c�o�n�v�e�r�t�e�d�t�o �f�i�s�s�i�o�n�s�b�y�m�e�a�n�s�o�f �a�l�i�q�u�o�t�s�f�r�o�m�O�C�C �Y�A�G�3�9�-�C�-�2�1�,�S�h�o�t�s�F�l�a�t�-
�h�e�a�d�a�n�d�N�a�v�a�j�o�,�a�n�d�Y�A�G�4�0�-�B�-�6�,�S�h�o�t�Z�u�n�i�,�w�h�i�c�h�h�a�d�b�e�e�n�a�n�a�l�y�z�e�d�f�o�r�M�o ��.�I�t �m�a�y�b�e
�s�e�e�n�i�n �T�a�b�l�e�4�.�1�2�t�h�a�t�, �w�i�t�h�o�n�e�e�x�c�e�p�t�i�o�n�,�t�h�e�H�V�F�c�o�l�l�e�c�t�e�d�a�b�o�u�t�t�h�e�s�a�m�e�o�r�l�e�s�s�a�c�t�i�v�i�t�y
�t�h�a�n�t�h�e�o�t�h�e�r�t�w�o�i�n�s�t�r�u�m�e�n�t�s�.�I�n �v�i�e�w�o�f �t�h�e�h�o�r�i�z�o�n�t�a�l�a�s�p�e�c�t�o�f �t�h�e�f�i�l�t�e�r �a�n�d�t�h�e�l�o�w�a�i�r�f�l�o�w

�r�a�t�e�u�s�e�d�,�t�h�e�r�e�i�s�l�i�t�t�l�e �q�u�e�s�t�i�o�n�t�h�a�t�t�h�e�m�a�j�o�r�i�t�y�o�f �t�h�e�a�c�t�i�v�i�t�y�t�h�e�H�V�F�c�o�l�l�e�c�t�e�d�w�a�s�d�u�e�t�o

�f�a�l�l�o�u�t�. �T�h�e�r�e�s�u�l�t�s�o�b�t�a�i�n�e�d�s�h�o�u�l�d�n�o�t�,�t�h�e�r�e�f�o�r�e�,�b�e�i�n�t�e�r�p�r�e�t�e�d�a�s�a�n�i�n�d�e�p�e�n�d�e�n�t�a�e�r�o�s�o�l

�h�a�z�a�r�d�.
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�T�A�B�L�E�4�.�1 �A�C�T�I�V�I�T�Y�P�E�R�U�N�I�T�A�R�E�A�F�O�R
�S�K�I�F�F�S�T�A�T�I�O�N�S�,�S�H�O�T�C�H�E�R�O�K�E�E

�N�o�f�a�l�l�o�u�t�w�a�s�c�o�l�l�e�c�t�e�d�o�n�t�h�e�s�k�i�f�f�a�o�m�i�t�t�e�d�f�r�o�m
�t�h�e�t�a�b�l�e�.
� 

� 

�A�p�p�r�o�x�i�m�a�t�e
�S�t�a�t�i�o�n �D�i�p�c�o�u�n�t�s�/�m�i�n�a�t �H�+�h�r �f�i�a�s�i�o�n�s�/�t�?

�A�A �3�,�0�9�4 �1�9�6�.�6 �2�.�5�x�1�0�%
�B�B �3�,�0�8�4 �1�9�6�.�6 �2�.�5�x �1�0�!
�c�c �4�,�4�5�9 �1�5�0�.�3 �2�.�8�x �1�0�4
�D�D �9�,�8�8�5 �2�1�4�.�2 �8�.�7�=�1�0�!

�G�G �5�,�7�2�0 �1�9�6�.�2 �4�.�6�x�1�0�%
�B�H �8�5�8 �1�9�6�.�1 �6�.�9�x�1�0�"
�M�M �8�,�7�8�3 �2�1�4�.�0 �7�.�7�x �1�0�1�8
�v�v �4�5�2 �4�3�2�.�0 �8�.�0�x �1�0�°
� 

�T�A�B�L�E�4�.�2 �E�V�A�L�U�A�T�I�O�N�O�F�M�E�A�S�U�R�E�M�E�N�T�A�N�D�D�A�T�A�R�E�L�I�A�B�I�L�I�T�Y

�I�. �F�i�e�l�d�M�e�a�s�u�r�e�m�e�n�t�s�a�n�d�D�e�p�o�s�i�t�i�o�n�P�r�o�p�e�r�t�i�e�s
� 

� 

�C�l�a�s�s �M�e�a�s�u�r�e�m�e�n�t �I�n�s�t�r�u�m�e�n�t �C�o�m�m�e�n�t�s

�A �S�t�a�t�i�o�n�l�o�c�a�t�i�o�n�,�s�h�i�p�s  ��_ �+�5�0�0�t�o �1�,�0�0�0�y�a�r�d�s�,

�A �S�t�a�t�i�o�n�l�o�c�a�t�i�o�n�,�s�k�i�f�f�s �_ �£�1�,�0�0�0�y�a�r�d�s�.
�A�-�C �T�i�m�e�o�f�a�r�r�i�v�a�l �T�R �A�r�b�i�t�r�a�r�y�s�e�l�e�c�t�i�o�n�o�f �s�i�g�n�i�f�i�c�a�n�t�i�n�c�r�e�a�s�e

�a�b�o�v�e�b�a�c�k�g�r�o�u�n�d�.

�A�-�C �T�i�m�e�o�f �a�r�r�i�v�a�l �I�c �U�n�c�e�r�t�a�i�n�t�y�i�n �f�i�r�s�t�t�r�a�y�s�i�g�n�i�f�i�c�a�n�t�l�y�a�b�o�v�e
�b�a�c�k�g�r�o�u�n�d�;�a�r�r�i�v�a�l�u�n�c�e�r�t�a�i�n�w�i�t�h�i�n�t�i�m�e
�i�n�t�e�r�v�a�l�t�r�a�y�e�x�p�o�s�e�d�.

�A�-�D �T�i�m�e�o�f �a�r�r�i�v�a�l �T�O�A�D �U�n�c�e�r�t�a�i�n�f�o�r�i�n�i�t�i�a�l�l�y�l�o�w�r�a�t�e�s�o�f �f�i�e�l�d
�i�n�c�r�e�a�s�e�;�m�a�l�f�u�n�c�t�i�o�n�s�o�n�s�k�i�f�f�s�;�c�l�o�c�k�-
�r�e�a�d�i�n�g�d�i�f�f�i�c�u�l�t�i�e�s�.

�A �T�i�m�e�o�f�p�e�a�k�i�o�n�i�z�a�t�i�o�n�r�a�t�e �T�I�R �_
�A�-�C �T�i�m�e�o�f�p�e�a�k�f�a�l�l�o�u�t�a�r�r�i�v�a�l�r�a�t�e �I�c �, �U�n�c�e�r�t�a�i�n�f�o�r�p�r�o�t�r�a�c�t�e�d�f�a�l�l�o�u�t�d�u�r�a�t�i�o�n�a�n�d

�s�h�a�r�p�d�e�p�o�s�i�t�i�o�n�r�a�t�e�p�e�a�k�s�.
�D �T�i�m�e�o�f�c�e�s�s�a�t�i�o�n �T�R �D�e�p�e�n�d�s�o�n�k�n�o�w�l�e�d�g�e�o�f�d�e�c�a�y�r�a�t�e�o�f

�r�e�s�i�d�u�a�l�m�a�t�e�r�i�a�l�.
�B�-�D �T�i�m�e�o�f �c�e�s�s�a�t�i�o�n �1�c �R�a�t�e�p�l�o�t�f�o�r�p�r�o�t�r�a�c�t�e�d�f�a�l�l�o�u�t�a�n�d�f�a�l�l�o�u�t

�w�i�t�h�s�h�a�r�p�d�e�p�o�s�i�t�i�o�n�-�r�a�t�e�p�e�a�k�s�m�a�y�c�o�n�-
�t�i�n�u�e�t�o�e�n�d�o�f�e�x�p�o�s�u�r�e�p�e�r�i�o�d�;�c�u�m�u�l�a�t�i�v�e
�a�c�t�i�v�i�t�y�s�l�o�p�e�a�p�p�r�o�a�c�h�e�s�1�.

�C�c �T�o�n�i�z�a�t�i�o�n�r�a�t�e�,�i�n �s�i�t�u �T�I�R �P�o�o�r�d�i�r�e�c�t�i�o�n�a�l�-�e�n�e�r�g�y�r�e�s�p�o�n�s�e�(�A�p�p�e�n�d�i�x
�A�.�2�)�;�v�a�r�i�a�t�i�o�n�s�i�n �c�a�l�i�b�r�a�t�i�o�n�;�p�o�o�r�i�n�t�e�r�-
�c�h�a�m�b�e�r�a�g�r�e�e�m�e�n�t�.

�C�c �A�p�p�a�r�e�n�t�i�o�n�i�z�a�t�i�o�n�r�a�t�e�,�i�n �o�c�e�a�n �S�I�O�-�P �C�a�l�i�b�r�a�t�i�o�n�v�a�r�i�a�b�l�e�,�m�e�c�h�a�n�i�c�a�l�d�i�f�f�i�c�u�l�t�i�e�s�.
�C�c �A�p�p�a�r�e�n�t�i�o�n�i�z�a�t�i�o�n�r�a�t�e�,�i�n �t�a�n�k �S�I�O�-�D �C�a�l�i�b�r�a�t�i�o�n�v�a�r�i�a�b�l�e�,�e�l�e�c�t�r�i�c�a�l�d�i�f�f�i�c�u�l�t�i�e�s�.
�N �T�o�n�i�z�a�t�i�o�n�r�a�t�e�,�a�b�o�v�e�s�e�a�s�u�r�f�a�c�e �N�Y�O�-�M �H�i�g�h�s�e�l�f�-�c�o�n�t�a�m�i�n�a�t�i�o�n�o�b�s�e�r�v�e�d�.
�B �I�o�n�i�z�a�t�i�o�n�r�a�t�e�,�i�n �s�i�t�u �T�1�B�,�C�u�t�i�e�P�i�e �C�a�l�i�b�r�a�t�i�o�n�f�o�r�p�o�i�n�t�s�o�u�r�c�e�i�n �c�a�l�i�b�r�a�t�i�o�n

�d�i�r�e�c�t�i�o�n�;�r�e�a�d�i�n�g�s�~�2�0�p�e�r�c�e�n�t�l�o�w�a�b�o�v�e
 � �e�x�t�e�n�d�e�d�s�o�u�r�c�e�s�.

�c �T�o�t�a�l�d�o�s�e �T�R �S�e�e�a�b�o�v�e�:�I�o�n�i�z�a�t�i�o�n�r�a�t�e�,�T�I�R�.
�N �T�o�t�a�l�d�o�s�e �E�S�L�f�i�l�m�p�a�c�k �A�s�s�u�m�e�d�«�2�0�p�e�r�c�e�n�t�.
�D �W�e�i�g�h�t�o�f�f�a�l�l�o�u�t�/�a�r�e�a �o�c�c �B�i�a�s�u�n�c�e�r�t�a�i�n�t�y�(�S�e�c�t�i�o�n�4�.�3�.�2�)�;�v�a�r�i�a�b�i�l�i�t�y

�o�f�b�a�c�k�g�r�o�u�n�d�c�o�l�l�e�c�t�i�o�n�s�;�s�e�e �b�e�l�o�w�:�E�l�e�-
�m�e�n�t�a�l�c�o�m�p�o�s�i�t�i�o�n�,�f�a�l�l�o�u�t�.

�D �F�r�a�c�t�i�o�n�o�f �d�e�v�i�c�e�/�a�r�e�a�(�F�e�,�U�) �o�c�c �B�i�a�s�u�n�c�e�r�t�a�i�n�t�y�(�S�e�c�t�i�o�n�4�.�3�.�2�)�;�u�n�c�e�r�t�a�i�n�t�y
�. �: �o�f�i�n�d�i�c�a�t�o�r�a�b�u�n�d�a�n�c�e�i�n �d�e�v�i�c�e�s�u�r�r�o�u�n�d�-

�i�n�g�a�;�s�e�e�b�e�l�o�w�:�E�l�e�m�e�n�t�a�l�c�o�m�p�o�s�i�t�i�o�n�,
�f�a�l�l�o�u�t�.

�D �O�r�i�g�i�n�a�l�c�o�r�a�l�-�s�e�a�-�w�a�t�e�r �o�c�c �V�a�r�i�a�t�i�o�n�s�i�n �a�t�o�l�l�, �r�e�e�f�,�a�n�d�l�a�g�o�o�n�b�o�t�t�o�m
�c�o�n�s�t�i�t�u�e�n�t�s �c�o�m�p�o�s�i�t�i�o�n�;�s�e�e�b�e�l�o�w�:�E�l�e�m�e�n�t�a�l�c�o�m�p�o�-

�s�i�t�i�o�n�,�f�a�l�l�o�u�t�.
�c �F�i�a�s�i�o�n�s�a�n�d�f�r�a�c�t�i�o�n�o�f �o�c�c �B�i�a�s�u�n�c�e�r�t�a�i�n�t�y�(�S�e�c�t�i�o�n�4�.�3�.�2�)�;�d�e�v�i�c�e�f�i�s�s�i�o�n

�d�e�v�i�c�e�/�a�r�e�a�(�M�o!"�) �y�i�e�l�d�u�n�c�e�r�t�a�i�n�t�y�.
�D �F�i�s�s�i�o�n�s�/�a�r�e�a �S�I�O�-�P�,�d�i�p �U�n�c�e�r�t�a�i�n�t�i�e�s�i�n �d�i�p�t�o�f�i�s�s�i�o�n�c�o�n�v�e�r�s�i�o�n

�f�a�c�t�o�r�,�o�c�e�a�n�b�a�c�k�g�r�o�u�n�d�s�,�f�r�a�c�t�i�o�n�a�t�i�o�n
�o�f �r�a�d�i�o�n�u�c�l�i�d�e�s�,�m�o�t�i�o�n�o�f�w�a�t�e�r�;�s�e�e�a�b�o�v�e�:

�A�p�p�a�r�e�n�t�i�o�n�i�z�a�t�i�o�n�r�a�t�e�,�i�n �o�c�e�a�n�.

�1�2�4



�T�A�B�L�E�4�.�2 �C�O�N�T�I�N�U�E�D

�f�l�, �L�a�b�o�r�a�t�o�r�y�A�c�t�i�v�i�t�y�M�e�a�s�u�r�e�m�e�n�t�s�.
� 

� 

�C�l�a�a�s �M�e�a�s�u�r�e�m�e�n�t �S�a�m�p�l�e �C�o�m�m�e�n�t�s

�A �G�a�m�m�a�a�c�t�i�v�i�t�y�,�d�o�g�h�o�u�s�e �o�c�c�,�A�O�C�c�,�, �P�r�e�c�i�s�i�o�n�b�e�t�t�e�r�t�h�a�n�+�5�p�e�r�c�e�n�t�,�e�x�c�e�p�t�f�o�r
�A�O�C�,�-�B �e�n�d�p�o�r�t�i�o�n�o�f�d�e�c�a�y�c�u�r�v�e�s�.

�A�c �G�a�m�m�a�a�c�t�i�v�i�t�y�,�d�i�p �A�O�C�,�a�l�i�q�u�o�t�s�, �A�l�i�q�u�o�t�i�n�g�u�n�c�e�r�t�a�i�n�t�y�w�i�t�h�o�c�c�a�s�i�o�n�a�l�p�r�e�s�e�n�c�e
�t�a�n�k�,�s�e�a�w�a�t�e�r �o�f �s�o�l�i�d�s�i�n�h�i�g�h�s�p�e�c�i�f�i�c�~�a�c�t�i�v�i�t�y�s�a�m�p�l�e�.

�A �G�a�m�m�a�a�c�t�i�v�i�t�y�,�e�n�d�-�w�i�n�d�o�w �I�C�t�r�a�y�s �P�r�e�c�i�s�i�o�n�b�e�t�t�e�r�t�h�a�n�+�5�p�e�r�c�e�n�t�.
�A �G�a�m�m�a�a�c�t�i�v�i�t�y�,�w�e�l�l �I�n�d�i�v�i�d�u�a�l�p�a�r�t�i�- �P�r�e�c�i�s�i�o�n�f�o�r �s�i�n�g�l�e�p�a�r�t�i�c�l�e�s�+�3�p�e�r�c�e�n�t�(�R�e�f�-

�, �c�l�e�s�,�a�l�i�q�u�o�t�s �e�r�e�n�c�e�2�8�)�.
�o�f �m�o�s�t�s�a�m�p�l�e�s

�B �G�a�m�m�a�a�c�t�i�v�i�t�y�,�4�-�7�i�o�n�c�h�a�m�b�e�r�A�l�i�q�u�o�t�s�o�f �m�o�s�t �S�o�m�e�s�k�i�l�l �r�e�q�u�i�r�e�d�i�n �o�p�e�r�a�t�i�o�n�;�p�r�e�c�i�s�i�o�n
�s�a�m�p�l�e�s �#�5�t�o �2�0�p�e�r�c�e�n�t�a�t�t�w�i�c�e�b�a�c�k�g�r�o�u�n�d�(�R�e�f�-

�e�r�e�n�c�e�2�6�)�.
�A �M�o�*�a�s�s�a�y�,�r�a�d�i�o�c�h�e�m�i�c�a�l �O�c�c�,�c�l�o�u�d �A�c�c�u�r�a�c�y�+�1�v�U�p�e�r�c�e�n�t�(�R�e�f�e�r�e�n�c�e�3�4�)�.
�B �R�a�d�i�o�c�h�e�m�i�c�a�l�R�-�v�a�l�u�e�s�, �O�C�C�,�c�l�o�u�d �A�c�c�u�r�a�c�y�o�f�n�u�c�l�i�d�e�d�e�t�e�r�m�i�n�a�t�i�o�n�+�2�0�t�o�2�5

�p�r�o�d�u�c�t�/�f�i�s�s�i�o�n�r�a�t�i�o�s �P�e�r�c�e�n�t�(�R�e�f�e�r�e�n�c�e�3�4�)�.
�D �S�p�e�c�t�r�o�m�e�t�r�y�R�-�v�a�l�u�e�s�, �O�c�c�,�c�l�o�u�d�,�I�C �F�a�c�t�o�r�o�f�2�o�r�3�; �m�i�s�i�d�e�n�t�i�f�i�c�a�t�i�o�n�p�o�s�s�i�b�l�e�.

�p�r�o�d�u�c�t�/�f�i�a�s�i�o�n�r�a�t�i�o�s
�A �R�e�l�a�t�i�v�e�d�e�c�a�y�r�a�t�e�s�,�a�l�l �A�l�l �r�e�q�u�i�r�e�d �W�i�t�h�f�e�w�e�x�c�e�p�t�i�o�n�s�,�n�e�c�e�s�s�a�r�y�d�e�c�a�y �c�o�r�r�e�c�-

�i�n�s�t�r�u�m�e�n�t�s �t�i�o�n�s�m�a�d�e�f�r�o�m�o�b�s�e�r�v�e�d�d�e�c�a�y�r�a�t�e�s�o�f
�a�p�p�r�o�p�r�i�a�t�e�s�a�m�p�l�e�s�i�n �c�o�u�n�t�e�r�s�d�e�s�i�r�e�d�.

� 

�I�. �L�a�b�o�r�a�t�o�r�y�P�h�y�s�i�c�a�l�a�n�d�C�h�e�m�i�c�a�l�M�e�a�s�u�r�e�m�e�n�t�s

� 

�C�l�a�s�s �M�e�a�s�u�r�e�m�e�n�t �S�a�m�p�l�e �C�o�m�m�e�n�t�s

�A �C�h�i�o�r�i�d�e�c�o�n�t�e�n�t�,�s�l�u�r�r�y�d�r�o�p�s �I�C�r�e�a�g�e�n�t�f�i�l�m �A�c�c�u�r�a�c�y�+�5�p�e�r�c�e�n�t�(�R�e�f�e�r�e�n�c�e�3�1�)�.
�B �W�a�t�e�r�v�o�l�u�m�e�,�s�l�u�r�r�y�d�r�o�p�s �I�C�r�e�a�g�e�n�t�f�i�l�m �A�c�c�u�r�a�c�y�+�2�5�p�e�r�c�e�n�t�(�R�e�f�e�r�e�n�c�e�3�1�)�.
�D �I�d�e�n�t�i�f�i�c�a�t�i�o�n�,�c�o�m�p�o�u�n�d�s�a�n�d �I�C�r�e�a�g�e�n�t�f�i�l�m�s�, �P�o�s�s�i�b�l�e�m�i�s�i�d�e�n�t�i�f�i�c�a�t�i�o�n�;�s�m�a�l�l�s�a�m�p�l�e�s�,

�e�l�e�m�e�n�t�s�o�f �s�l�u�r�r�y�s�o�l�i�d�s �o�c�c �s�m�a�J�'�n�u�m�b�e�r�o�f�s�a�m�p�l�e�s�,
�A �S�o�l�i�d�p�a�r�t�i�c�l�e�w�e�i�g�h�t�s �I�C�t�r�a�y�s�,�O�C�C�, �A�c�c�u�r�a�c�y�a�n�d�p�r�e�c�i�s�i�o�n�+�5�y�g�,�l�e�a�d�i�n�g�t�o�+�1

�u�n�s�c�h�e�d�u�l�e�d �p�e�r�c�e�n�t�o�r�b�e�t�t�e�r�o�n�m�o�s�t�p�a�r�t�i�c�l�e�s�(�R�e�f�e�r�-
�e�n�c�e�2�6�)�.

�A �S�o�l�i�d�p�a�r�t�i�c�l�e�d�e�n�s�i�t�i�e�s �I�C�t�r�a�y�s�,�O�C�C�, �P�r�e�c�i�s�i�o�n�b�e�t�t�e�r�t�h�a�n�+�5�p�e�r�c�e�n�t�.
�u�n�s�c�h�e�d�u�l�e�d

�c �E�l�e�m�e�n�t�a�l�c�o�m�p�o�s�i�t�i�o�n�,�f�a�l�l�o�u�t �o�c�c �L�a�r�g�e�d�e�v�i�a�t�i�o�n�s�i�n �c�o�m�p�o�s�i�t�i�o�n�f�r�o�m�d�u�p�l�i�c�a�t�e
�t�r�a�y�s�;�r�e�c�o�v�e�r�y�l�o�s�s�,�a�n�d�p�o�s�s�i�b�l�e�f�r�a�c�t�i�o�n�a�-

�. �t�i�o�n�,�~�4�0�m�g�;�h�o�n�e�y�c�o�m�b�i�n�t�e�r�f�e�r�e�n�c�e�.
�D �I�d�e�n�t�i�f�i�c�a�t�i�o�n�,�c�o�m�p�o�u�n�d�s�a�n�d �I�C�r�e�a�g�e�n�t�f�i�l�m�, �P�o�s�s�i�b�l�e�m�i�s�i�d�e�n�t�i�f�i�c�a�t�i�o�n�;�s�m�a�l�l�s�a�m�p�l�e�s�;

�e�l�e�m�e�n�t�s�o�f�s�l�u�r�r�y�s�o�l�i�d�s �o�c�c �s�r�i�l�] �n�u�m�b�e�r�o�f �s�a�m�p�l�e�s�.
�B�-�¢�c �P�a�r�t�i�c�l�e�s�i�z�e�~�f�r�e�q�u�e�n�c�y �I�C�t�r�a�y�s �D�i�f�f�i�c�u�l�t�i�e�s�i�n �r�e�c�o�g�n�i�t�i�o�n�o�f�d�i�s�c�r�e�t�e�p�a�r�t�i�c�l�e�s�,

�d�i�s�t�r�i�b�u�t�i�o�n�s�,�c�o�n�c�e�n�t�r�a�t�i�o�n�s
�a�n�d�r�e�l�a�t�i�v�e�w�e�i�g�h�t�s�v�e�r�s�u�s

�t�r�e�a�t�m�e�n�t�o�f�f�l�a�k�y�o�r�a�g�g�r�e�g�a�t�e�d�p�a�r�t�i�c�l�e�s�;
�u�n�c�e�r�t�a�i�n�a�p�p�l�i�c�a�t�i�o�n�o�f�d�e�f�i�n�e�d�d�i�a�m�e�t�e�r�t�o

� 

� 

� 

�t�i�m�e �t�e�r�m�i�n�a�l�-�v�e�l�o�c�i�t�y�e�q�u�a�t�i�o�n�s�;�t�r�a�y�b�a�c�k�g�r�o�u�n�d�s
�a�n�d�p�h�o�t�o�g�r�a�p�h�i�c�r�e�s�o�l�u�t�i�o�n�i�n �s�m�a�l�l�e�r�s�i�z�e
�r�a�n�g�e�s�.

�I�V�. �R�a�d�i�a�t�i�o�n�C�h�a�r�a�c�t�e�r�i�s�t�i�c�s�D�a�t�a
�C�l�a�g�s �I�t�e�m �C�o�m�m�e�n�t�s

�A�-�C �G�a�m�m�a�-�r�a�y�d�e�c�a�y�s�c�h�e�m�e�a �A�m�o�u�n�t�o�f �d�e�c�a�y�s�c�h�e�m�e�d�a�t�a�a�v�a�i�l�a�b�l�e�d�e�p�e�n�d�e�n�t�o�n
�p�a�r�t�i�c�u�l�a�r�n�u�c�l�i�d�e�.

�A�-�B �F�i�s�s�i�o�n�-�p�r�o�d�u�c�t�-�d�i�s�i�n�t�e�g�r�a�t�i�o�n�r�a�t�e�s �A�b�o�u�t�+�2�0�p�e�r�c�e�n�t�f�o�r�t�i�m�e�p�e�r�i�o�d�c�o�n�s�i�d�e�r�e�d�(�R�e�f�e�r�-
�e�n�c�e�4�1�)�.

�r �a�t �a�b�o�v�e�i�n�f�i�n�i�t�e �p�l
�N �C�o�m�p�u�t�e�d�f�a�r�a�o�7�i�i�m�e�a�r�e�a�t�e �p�l�a�n�e �E�r�r�o�r�a�s�a�u�m�e�d�s�m�a�l�l�c�o�m�p�a�r�e�d�t�o�e�r�r�o�r�s�i�n�f�a�l�l�o�u�t

�v�e�r�a�u�s�p�h�o�t�o�n�e�n�e �c�o�n�c�e�n�t�r�a�t�i�o�n�,�r�a�d�i�o�n�u�c�l�i�d�e�c�o�m�p�o�s�i�t�i�o�n�,�a�n�d�d�e�c�a�y
�r�e�y �s�c�h�e�m�e�d�a�t�a�.

�B �A�b�s�o�l�u�t�e�c�a�l�i�b�r�a�t�i�o�n�,�b�e�t�a�c�o�u�n�t�e�r �P�e�r�s�o�n�a�l�c�o�m�m�u�n�i�c�a�t�i�o�n�f�r�o�m�J�. �M�a�c�k�i�n�,�N�R�D�L�.
�B �A�b�s�o�l�u�t�e�c�a�l�i�b�r�a�t�i�o�n�,�d�o�g�h�o�u�s�e�c�o�u�n�t�e�r �U�n�c�e�r�t�a�i�n�t�y�i�n �d�i�s�i�n�t�e�g�r�a�t�i�o�n�r�a�t�e�o�f�c�a�l�i�b�r�a�t�i�n�g�n�u�-

�c�l�i�d�e�s�;�d�e�p�e�n�d�e�n�c�e�o�n�g�a�m�m�a�-�r�a�y�d�e�c�a�y�s�c�h�e�m�e�s�.

�1�2�5
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