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CHAPTER 1. SPACE GEODESY AT HARTRAO 3 

1.2 VLBI 

1.2.1 Introduction 

VLBI is a technique developed by radio astronomers to accurately measure 
the positions and spatial structure of astronomical radio sources utilising radio 
telescopes. Radio astronomers use radio interferometers for aperture synthesis 
imaging, which allows radio telescopes with resolutions equivalent to very large 
effective apertures, to be built by using an array of radio telescopes. These 
telescopes can be separated by hundreds of metres or one can have inter­
continental networks by having telescopes on different continents. 

Geodesy has benefitted from radio astronomy by using the radio interfer­
ometry technique in an inverse sense. VLBI has been used since the early 
seventies in high precision geodynamical studies for determining the position 
of and baseline between stations. HartRAO currently supports several long 
term international geodetic VLBI projects, using its 26 m diameter radio tele­
scope (figure 1.1). The geodetic VLBI technique utilises very distant extra­
galactic radio sources (known as quasars), as apparently motionless objects of 
reference and for this purpose are taken to be point sources. This character­
istic of quasars allows the implementation and maintenance of a very stable 
reference frame which is required for the measurement of slow geodynamical 
processes which normally exhibit motions in the range of millimetres to tens 
of millimetres per year. 

The use of VLBI, GPS and SLR furthers the scientific understanding of 
Earth dynamics, earthquake mechanisms and tectonophysics by applying these 
techniques to the following: 

• Studies of the Earth's variable rotation, this includes the motion of the 
Earth's rotation axis wi th respect to the Earth as shown by polar mo­
tion and the angular position around the Earth's rotation axis describing 
universal time (UTI). 

• Studies of angular momentum transfer from the atmosphere and its effect 
on the rotation of the Earth. 

• Crustal dynamics - e.g. tectonic motion and monitoring of active regions. 

• Global studies of true variation of ocean levels by linking tide gauges to 
fundamental GPS, VLBI and SLR sites. 

• Geophysical studies - e.g. VLBI has significantly improved our knowledge 
of the shape of the core-mantle boundary. 

• Geomorphological studies - e.g. global and tectonic geomorphology. 
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CHAPTER 1. SPACE GEODESY AT HARTRAO 4 

Figure 1.1: The HartRAO 26 m antenna. 

• Geopotential field measurements - SLR data from LAGEOS is very impor­
tant in the measuring of long wavelength temporal components of the 
gravity field. 

• SLR allows special tests of the theory of General Relativity. 

• Using SLR, sub-nanosecond global time transfer is possible. 

• Precision orbit determination for spaceborne radar altimeter missions. 

1.2.2 Technical parameters of the HartRAO telescope 

The feed-horns used for the 13 cm and 3.5 cm wavelengths are single polarised 
conical feeds. Both S and X bands have right hand circular polarisation. The 
rf amplifiers are cryogenically cooled HEMTS (High Electron Mobility Tran~ 
sistor). The radio telescope is being upgraded and we have recently (November 
1998) replaced the hydraulic drive with an electric drive. A project has been 
launched to upgrade the perforated surface panels of the telescope to higher 
tolerance solid panels to increase the antenna efficiency, especially at the higher 
frequencies. 
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Selected VLBI Velocities 
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Figure 1.2: Depiction of global VLBI station velocities. (Ma and Ryan 1998) 

1.2.3 Basic Principles of Geodetic VLBI 

5 

In general, the travel time of a wavefront between antennas at two or more 
sites is measured by maximising the cross-correlation function of the different 
signals received at the antennas. The difference in travel time (known as the 
group delay) is a function of (Kolaczek 1989): 

• geometry of the participating stations 

• spatial distribution of the radio sources 

• effects of the propagation medium 

• instrumentation effects 

The latter includes clock drifts and the offset of the antenna axis, which is 
by definition, the distance between the Hour Angle (HA) rotational axis and 
the Declination (DEC) rotational axis. Group delay is one of the parameters 
which is necessary for the calculation of the baseline coordinates. If the anten­
nas in an array are separated by relatively short distances, phase-synchronised 
local oscillators can be used and the antennas can feed directly into a corre­
lator. Currently, if antennas are situated on different continents they cannot 
be connected in real time. Therefore Hydrogen MASER atomic clocks are 
used to synchronise the signals from the antennas and the signals from the 
radio sources are then stored on very high density magnetic tape. This tech­
nique requires specialised recording equipment and a correlator system, but 
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CHAPTER 1. SPACE GEODESY AT HARTRAO 6 

then the antennas can be located far apart, allowing the measurement of inter­
continental baselines. 

1.2.4 Geodetic VLBI Applications 

Geodetic VLBI allows one to accurately determine the relative positions of 
the radio antennas in an array. These relative positions can then be used 
to study the motion of the continents on which the antennas are located as 
well as the motion of the Earth itself. The basic concept of plate tectonics is 
that the lithosphere, the crust and uppermost mantle which is of the order of 
100 km thick, is divided into a small number of nearly rigid plates, which are 
moving over the astenosphere. Apart from plate tectonics, the Earth undergoes 
dynamic processes such as rapid and complex rotation about it's axis. The 
lithosphere behaves elastically on a geological time scale, so there is also a 
gradual rebound of the land after the retreat of continental glaciers. It is only 
by careful investigation of all the complex dynamical processes that a deep 
enough understanding can be had of the physics of the earth which will enable 
us to predict earthquakes and monitor global changes. (Figure 1.2) (Ma & 
Ryan 1998) depicts VLBI station velocities on a world map. These VLBI 
plots are results from NASA Goddard Space Flight Center's VLBI terrestrial 
reference frame solution number l102g, 1998 August. (Figure 1.3) (Ma & 
Ryan 1998) is a time series plot of HartRAO, the time baseline is more than 
ten years. It is interesting to compare this with our GPS solution(Figure 1.7), 
which has a time baseline of about one year. Note that when comparing, the 
VLBI solution has the up component on the top part of the figure, followed 
by the east and north component, whereas the GPS solution has the sequence 
reversed. 

1.2.5 HartRAO Geodetic VLBI Participation 

The number of geodetic VLBI experiments conducted at HartRAO have in­
creased from 38 in 1995 to 44 in 1998. A substantial increase in number were 
allocated for 1999 (57). The experiments are each of 24 hour duration. The 
Space Geodesy Programme currently participates in the following projects: 

.IRIS-S 

• CORE-A (Earth Orientation Parameters) 

• SYOWA 

• CRF 

• CORE-OHlG 

• RDVjVLBA 
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Figure l.3: Time series of the HartRAO Geodetic VLBI station. (Ma and Ryan 
1998) 

The bulk of these experiments are IRIS-S and Core-A. The IRIS-S ses­
sions continue the series of measurements for the determination of earth ro­
tation parameters. These experiments are set up to provide baseline compo­
nents, all earth orientation parameters (UTI, polar motion, and nutation), 
as well as the positions of extragalactic radio sources. The standard config­
uration of the monthly observed IRIS-S (South) experiments consists of four 
stations; United States of America (Westford), South Africa (HartRAO), Eu­
rope (Wettzell,Germany) and one radio telescope in South America (Fortaleza, 
Brazil). Since January 1997 the network has been augmented by station Fair­
banks (Alaska). During the O'Higgins occupations two more stations located 
in the southern hemisphere are added to this network; with O'Higgins (Antarc­
tica) and Hobart (Tasmania) there are seven stations in this network. The pur­
pose of CORE-A (Continuous Observations of the Rotation of the Earth) is 
to validate the CORE concept of measuring EOP continuously using different 
networks. The network for CORE-A includes Fairbanks (Alaska), HartRAO 
(South Africa), Algonquin (Canada), \Vestford (USA), Matera (Italy), Medic­
ina·(Italy) , Tsukuba (Japan) and Hobart (Tasmania). This set of 8 stations 
includes two geographically paired stations: Algonquin/Westford and Mat­
era/Medicina. More detailed information can be had from the CORE white 
paper; 
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Figure 1.4: Constellation of satellites tracked by SLR. (source NASA, CDDIS, 
http:// cddis.gsfc.nasa.gov) 

(http://lupus. gsfc. nasa. gov / core/final1. html). 

1.3 SLR 

1.3.1 Introduction 

A Satellite Laser Ranging (SLR) station can be regarded as an optical radar. 
This technique makes very precise measurements of the range and rate of 
motion between an SLR station and an orbiting satellite. (Figure 1.4) depicts 
the current SLR constellation. The satellite needs to be equipped with special 
mirrors called retroreflectors which reflect the laser light back to the SLR 
station . There are about 45 SLR stations in operation worldwide, but even 
more so than. with G PS and VLBI, the African continent is not covered as is 
clearly shown in Figure 1.5. This lack of an SLR station in Africa has resulted 
in a large gap in the coverage of many geodetic and remote sensing satellites 
and this gap is affecting scientific results in an adverse way; establishing an 
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Figure 1.5: World map showing current distribution of SLR sites. (source NASA, 
CDDIS, http)/cddis.gsfc.nasa.gov) 

SLR station at HartRAO would overcome this to a large extent. 

1.3.2 SLR Monument 

Early in 1993, NASA and IfAG (Institut fiir Angewandte Geodasie), now BKG 
(Bundesampt fiir Kartographie und Geodasie), expressed an interest in estab­
lishing a satellite laser ranging system in South Africa. HartRAO proceeded 
to construct an SLR pad and geodetic monument for the German Modular 
Transportable Laser Ranging System (MTLRS) which subsequently occupied 
the pad in June 1993. Unfortunately the MTLRS never re-occupied the pad, 
but very satisfactory results were obtained for the SLR pad reference point. 
Afterwards the MTLRS was moved to occupy an SLR pad at Sutherland, at 
the site of the South African Astronomical Observatory (SAAO). 

1.3.3 Initial Objectives of the SLR Campaign 

Initial objectives of the SLR campaign were not fully attained, as the SLR pad 
was not re-occupied after the initial measurements were made but in the event 
of a permanent SLR unit being stationed at HartRAO these goals should be 
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achieved. In any event the SLR measurements proved valuable in that they 
provided an independent reference point, using another technique than VLBI. 
The main objectives were: 

• Provide an inter-comparison at the cm level of the position of the 26-m 
radio telescope as determined by VLBI and that determined by the SLR 
technique. 

• Models of the earth's gravity field over southern Africa and the adjoining 
oceans would be improved. 

• Orbits of satellites such Topex-Poseidon and ERS-l would be improved 
with consequent improvements in ocean level altimetry. 

• A precise baseline would be established between Sutherland and HartRAO, 
which would be useful for national surveying and geodetic applications. 

At the time of writing, we are making preparations to bring a MOBLAS6 SLR 
unit to HartRAO in collaboration with Goddard Space Flight Centre (GSFC) 
and we hope to have this station operational by mid 2000. The addition of 
this station to the global network will improve scientific results over a wide 
range of applications. 

1.4 GPS 

1.4.1 Introduction 

The Global Positioning System (GPS) was developed by the USA Department 
of Defence to provide instantaneous positioning and velocity determination 
data for its armed forces. To ensure that four satellites are always visible 
to a receiver, a system was developed where by 21 +3 evenly spaced satellites 
placed in 12-hour orbits inclined at 55° to the equatorial plane would provide 
the required coverage most economically. Currently there are 27 operational 
satellites in orbit. GPS is now used for many more applications than it was 
originally intended for and is successfully used in high precision geodetic re­
search. We routinely achieve 10-15 ppb (parts per billion) repeatability per 
24 hour data set in our weekly GPS analyses. This equates to a precision of 
about 10 mm in 1000 km. 

1.4.2 HartRAO GPS Activities 

During the 1995-1998 period HartRAO assisted HAG in the Geodetic Antarc­
tic Project (GAP,95) which fall within the SCAR (Scientific Committee for 
Antarctic Research) program to establish a precise geodetic network in the 
Atlantic sector of Antarctica (Dietrich 1996). The 1998 G PS observations 
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at HartRAO were conducted in cooperation with the Alfred Wegener Insti­
tute for Polar and Oceanic Research which had taken over the responsibility 
from !fAG after their transformation to the BKG. Several other GPS related 
projects were undertaken during this period. We developed a method to deter­
mine the VLBI antenna axis offset and reference point using GPS (Combrinck 
and Merry 1997) which allows simultaneous eccentricity determinations be­
tween geodetic reference points occupied by different measuring systems. A 
footprint survey of the HartRAO site was initiated during 1997 to determine 
local crustal and monumentation stability (the core of this work) as well as 
ties between the reference points of the different space geodetic techniques. 

1.4.3 HartRAO IGS Participation 

The International GPS Service (IGS) in cooperation with a multinational 
membership of organisations and agencies, provides precise GPS orbits, track­
ing data, and other high-quality GPS data and data products to meet the 
objectives of a wide range of scientific and engineering applications and stud­
ies. GPS stations which meet certain criteria can be included in the IGS 
network. During September 1996 HartRAO installed an IGS station (HRAO) 
which is currently equipped with a ROGUE SNR12 RM receiver and Dome 
Margolin choke ring antenna (IGS 1996 Annual Report). The monument at ion 
is tied to bedrock. The use of a Hydrogen MASER as a clock reference has 
allowed HRAO to be included in a small network of globally distributed GPS 
receivers equipped with precise time references. This special network is used 
to estimate GPS clock parameters every 30 seconds. The accuracy obtained 
allows post-processing of high-rate single receiver kinematic GPS data with 
few-cm-Ievel precision when used with precise GPS orbits (Zumberge et al. 
1998). 

Towards the end of 1997 HartRAO installed an IGS station (SUTH) at 
the Sutherland site of the SAAO. This station is equipped with a ROGUE 
SNR8000 and Dome Margolin antenna. Monumentation for a future IGS site 
(NAMI) at Windhoek, Namibia was installed during November 1998 at the 
location of the Surveyor General's office of Namibia. It is envisaged that this 
site will become an IGS station during mid 2000 after an equipment upgrade. 
The equipment for the IGS sites is provided by the Jet Propulsion Labora­
tory (JPL) of NASA. From April 1999 HartRAO has officially commenced 
to function as an IGS Regional Data Centre for Africa. In this function we 
gather data from various operational data centres and maintain an archive 
for users interested in stations in the Africa region. This reduces electronic 
network traffic and allows local users to obtain IGS products and data more 
timeously. Currently we archive data for 15 IGS stations and one regional 
station (NAMI). These data can be downloaded from our webpage: 
(http://www.hartrao.ac.za/geodesy/ geodesy_ index.html). 
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Figure 1.6: HartRAO regional GPS network. It is obvious that the network requires 
strengthening towards the north. Densification of the IGS network in Africa will 
benefit global geodesy. 

1.4.4 Regional GPS Network 

With the co-operation of Scripps Orbit and Permanent Array Centre (SOPAC) 
located at the Scripps Institute of Oceanography, La Jolla, we have started 
to process a regional network (figure 1.6) in the southern hemisphere using 
the GAMIT software package. The reference frame is maintained through the 
IGS orbit and IERS Earth orientation values using HRAO as origin. These 
stations are located on the African and Antartica tectonic plates. Preliminary 
results are shown in the form of a time series plot (figure 1.7) for HRAO. 
The north and east components show close agreement with the VLBI results, 
even though the time baseline is much shorter. The vertical component is 
weaker, but is showing closer agreement every time more data is added. There 
is a noted improvement in the GPS timeseries at about 1998.3 due to the 
addition of the the Sutherland IGS station which strengthened the network 
and subsequently reduced the rms noise level. We plan to expand this network 
by establishing IGS stations north of South Africa as there is an obvious gap 
in the distribution of stations in Africa. Adding stations will not only improve 
our regional network but will densify the global network to the benefit of all 
IGS product users. GPS usersoin southern Africa can easily download this data 
for postprocessing with their own measurements for the purpose of improved 
accuracy from our website. The data has been used by local and other users 
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relative position GPS measurements. In order to understand and correctly 
interpret small movements of the reference points one has to approach the 
footprint in a holistic way. Therefore, consideration needs to be given to the 
individual reference point as a system, and a combination of all these systems 
into the footprint system. These systems can be simply defined as structured 
sets of objects and/or attributes with specific relationships between them. 

Many attempts at defining the scope and functions of geodesy have been made, 
and will be made in the future and a short account of this can be found in 
Vanicek and Krakiwsky (1986). For instance the mentioned authors quote the 
definition of geodesy which was adopted by the National Research Council of 
Canada in 1973: 

Geodesy is the discipline that deals with the measurement and representation of 
the Earth, including its gravity field, in a three-dimensional time varying space. 

During the formulation and slow process of setting up boundaries for this foot­
print study, it became very clear that in order to solve this particular geodetic 
problem, use should be made of all relevant disciplines, in a multi-disciplinary 
approach. Free use is therefore made of techniques and approaches used to 
solve problems in geodesy, geology, geophysics, electronics and other useful 
and sometimes seemingly unrelated sciences. 

2.3.1 The Open Dynamic System 

The type of system which will be used to describe the footprint and its com­
ponents is the open dynamic system, as its main matter component is the 
surface of the Earth, which is open to the flow of matter and energy. The 
system's main measurement component is GPS, which is open to influence 
from other systems, such as the ionosphere, troposphere and time. We have 
thus an external input, some processes internal to the system, such as rock 
movement or soil heave and an output consisting of radiated energy or mat­
ter which leaves the system. Each component in the footprint system can be 
described as a subsystem and this approach allows a methodical, structured 
approach which aids in describing the footprint system holistically. 

The footprint as an open system, in the case of HartRAO can be described as 
having: 

(1) Boundaries, an inner boundary set by the five inner monuments, an intermedi­
ate boundary, set by the four intermediate monuments and an outer boundary 
set by the three reference points of the outer network. 

(2) A focal point, chosen as the main reference point, which is the area surround­
ing the radio telescope and which contains the radio telescope, the SLR pad 
and IGS reference point HRAO. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 2. FOOTPRINT CONCEPTS 23 

Figure 2.1: Simplified diagram of the footprint surface cycle, indicating some of the 
factors and processes which will eventually affect monument stability. 

(3) A set of coordinates which defines the boundaries and focal point. The 
focal point has fixed coordinates whereas the boundary reference points have 
dynamic coordinates. For instance, the IGS station HRAO was used as the 
'fixed point' in the final adjusted values of the footprint . One could have more 
than one fixed point, but it is simpler to use one. 

(4) Inputs and outputs of varying nature such as energy, matter and information 
(e.g. satellite ephemerides), which crosses the boundaries of the system. 

(5) Processes within the system which affects measurement accuracy and monu­
ment stability. 

(6) A steady state, in which the footprint shows no signs of instability, it is in 
dynamic equilibrium. 

(7) An unsteady state, where one or more reference points show instability, the 
system will either move towards a new state of equilibrium or return to its 
previous state. 

(8) During the crossover from one steady state to the next, the footprint system is 
in a transient state. 
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Figure 4.5: Your IGS station? 

4.9 Lightning and the Geodetic Monument 

Many IGS and other GPS sites have been damaged by lightning, totally and 
partially, with damage occurring to the antennas, inline amplifiers, receivers 
and peripheral equipment. All sites should go to great lengths to ensure that 
their equipment is protected as best as possible as lightning damage is quite 
severe. 

UN Ave 0 has done a lot of work on lightning protection for monumentation 
and the associated equipment attached to the monument and a large amount 
of useful information and technical details is given on their website. Direct 
lightning strikes of monuments are in the minority when compared to damage 
resul ting from EMPs (electro-magnetic-pulses). The EMP induces high vol t­
ages in unprotected coaxial cables and antennas which allows massive voltage 
spikes to enter anything else attached to the cables. At HartRAO, we have 
had several outages of HRAO as a result of lightning, all of the EMP type. We 
have a more severe problem in this regard compared to most other sites, as 
this area (Johannesburg) is reputed to have one of the highest counts of light­
ning strikes per year in the world. Proper grounding rods at the monument 
and at the other side of the coaxial cable and data lines, inline EMP protec­
tors (Huber+Suhner), surge protection in RS232 lines and power lines are all 
necessary to reduce the chances of damage. The use of optical fibre links for 
data communication should be used if possible. One should not use any form 
of lightning protection unless it has been properly tested and screened, so it 
would be prudent to check with UNAVeO if your proposed system is suitable. 
There is a large amount of totally inadequate devices on the market which will 
not produce the required results. 
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4.9.1 Surge Protection Devices 

Surge protection devices (SPDs) are also known as "surge arrestors", "light­
ning protection units" and "lightning barriers". The SPDs should ideally 
operate instantaneously to divert a surge voltage and current to ground, re­
setting automatically to restore normal operation and be ready for the next 
surge. Tests done by the IEEE have shown that many cheap types of SPD 
function only the first time, but still indicate that all is well. Advanced SPDs 
however combine a number of different surge-supression components to uti­
lize their different characteristics. Data line SPDs make use of high-current, 
high-voltage gas discharge tubes and low-voltage, low-current surge suppres­
sion diodes for rapid and accurate voltage control. UNAVCO is able to advise 
on suitable units. 

4.10 Monumentation at HartRAO 

Monumentation for the SLR and HRAO were constructed with stability and 
durability as the main prerequisites. This discussion excludes the VLBI ra­
dio telescope monumentation. The telescope was constructed in the early 
1960s, with all three supporting legs bolted down on concrete pillars located 
on bedrock and forms part of the footprint and the global geodetic network, 
but its monumentation design falls outside the scope of this work. The monu­
mentation for the footprint consisted basically of standard trig survey beacons, 
selected for good network geometry, stability, accessibility and security. These 
beacons are all located on or very close to exposed bedrock as they were 
built on the surrounding outcrops of the Witwatersberg and the hills which 
surround the HartRAO site. The beacons were equipped with stainless-steel 
self-centring plates which allows very accurate re-occupation of a monument. 

4.10.1 SLR Pad 

Introduction 

The SLR pad is included here, as the main pier to which the brass reference 
marker for the SLR is attached, is centred inside a self-centring plate for GPS 
and is used during footprint surveys as a reference point. 

Monumentation Design Considerations 

As with any geodetic installation we were primarily concerned about the sta­
bility of the monument. Drawings supplied by NASA of the platform on which 
the SLR would be located specified a reinforced concrete slab, 7.62m square 
and 300 mm deep, founded in stable soil. The HartRAO site however does not 
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have stable soil, but is mostly potentially active residual Hekpoort Andesite 
clays. The presence of clays meant that a thorough geotechnical investigation 
would be necessary and a very specific founding solution would be required. 

Geotechnical Investigation 

Lacking the necessary instrumentation and expertise, contact was made with 
the South African Geological Survey (Dr E.H. Stettler and Mr C. Crail) who 
proceeded to conduct a micro-gravity survey (Stettler and Crail 1993) and 
A.B.A. Brink & Associates, Consulting Engineering Geologists, who led the 
geotechnical investigation (Brink and Associates 1993). The survey would 
give us a good indication as to where bedrock was shallowest beneath the 
site. In this short summary of the geotechnical investigation I concentrate on 
aspects which affects or pertains to the monumentation and not on SLR specific 
requirements and I freely use the information supplied in the geotechnical 
reports. We had specified an area inside the fenced-in perimeter of the facility, 
a decision mainly based not only on security and convenience reasons, but 
on the requirement to have adequate open sky access, so that no obstructions 
would be at an elevation higher than about 12°. The geotechnical investigation 
finally involved geophysical surveys to determine depth to bedrock, followed 
by auger drilling, percussion drilling and the drilling of one diamond-drill 
borehole. 

Geophysical Survey 

Due to the fact that the site is underlaid by Hekpoort Andesite it was decided 
to use the gravity method instead of seismics to determine the variation in 
bedrock topography. The area demarcated for possible site location for the 
SLR, described as a depth to bedrock contour map is depicted in figure 4.6. 
The area allocated for the proposed installation measured 72 x 30 m and a 3 
m grid was established on this area. Gravity measurements were conducted 
using a Sodin gravimeter with hourly tie-ins at a base station. The grav­
ity measurements were reduced to Bouguer anomaly values, after performing 
gravimeter drift corrections, free air and Bouguer slab corrections. Repeata­
bility was to 0.03 mgal. Four auger holes were used to determine the depth to 
bedrock and allowed calculation of the residual gravity field which is indica­
tive of the overburden thickness. A frequency domain electromagnetic survey 
with a GEONICS EM-34 was conducted to locate possible power lines, pipes 
or natural conductive features. We had a rough idea where power lines and a 
water pipe to an existing borehole equipped with an electric pump had been 
installed, which was subsequently confirmed by the electromagnetic survey. 
Borehole positions on the area where bedrock was indicated to be shallow is 
described in figure 4.7. Six vertical rotary percussion boreholes were drilled 
on the 30th and 31st of March 1993, in the area where the gravity survey 
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)0 ~5 60 ES 70 

~ 

Figure 4.6: SLR location: Depth to bedrock contour map. Scale indicated is me­
tres. The map is oriented east (top), west (bottom), with north on the left. SLR 
monument site is C60 to D60 (Stettler and Crail 1993). 

had indicated bedrock to be shallowest. The drill bit size was 135 mm, mini­
mum depth of the boreholes 8 m, with each hole penetrating at least 7 minto 
bedrock. The position of the SLR pad was finally determined using the depth 
to bedrock information obtained from the percussion boreholes. During the 
1st and 2nd of April 1993 a single vertical diamond drill (DH1) was drilled 
where we were planning to install the main reference marker(see figure 4.6). 
The core size of this diamond drill was 54 mm, the borehole 15 m deep with 
11.2 m penetrating into bedrock. The cuttings obtained from the percussion 
and diamond-drill core were logged by Mr N.C. Jackson. 

Geology and Soils 

Bedrock is fine-grained, widely jointed, dark grey, very soft to hard rock lava of 
the Hekpoort Andesite Formation of the Pretoria Group, Transvaal sequence. 
The percussion boreholes in the immediate vicinity of the proposed SLR pad 
indicated that the depth to bedrock varied between 4 m and 5.5 m. The 
gravity survey clearly showed an increase in depth to bedrock (figure 4.7) 
northwards to the edge of the fenced-in area. Depth to bedrock was in excess 
of 30 m in the north-east corner. According to Brink 1979 the varying degree of 
decomposition of the andesite and subsequently the varying depth to bedrock, 
depends to a large degree on the joint spacing which in itself is variable in 
this area. We were also concerned about siting the SLR reference pier 'on 
a corestone, which is common to the area. It was decided to drill at least 
7 m into rock to prove that we were indeed drilling into bedrock and not 
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TREES 

o 5 10 

KEY' 

o APPROX POSITION OF TREES 

9 PH PERCUSSION HOLE POSITION 

cJ) DH DIAMOND-DRILL HOLE POSITION 

DEPTH TO BEDROCK CONTOURS 

- - - PROPOSED LASER PLATFORM 

Figure 4.7: SLR pad: borehole positions (adapted from A.B.A. Brink & Associates 
1993). 

into a corestone. At a depth of between 4.99 m and 5.23 m, below the selected 
posi tion for the main reference marker, an horizon of highly weathered soft rock 
was encountered . This rock has a very stiff consistency and is not expected 
to contain any expansive clay minerals, or be compressible to such an extent 
that it would lead to instability problems. 

Reference Pier 

The reference pier, aIm by 1 m square steel reinforced pillar is keyed to 
bedrock through its being located on the bedrock, furthermore we used a steel 
rod extending from the pier, grouted into the bedrock down the additional 
7 m percussion borehole. This steel rod passed through the weathered zone 
encountered at a depth of about 5 m and will aid in the overall stability of the 
pier. The pier is isolated from the surrounding platforJ!l by expansive foam. 
The main reference point (a brass marker with centred punchhole) was fixed 
onto the reference pier and for G PS use, was located inside a stainless steel 
self-centring plate. This point was used as a reference point in the footprint 
surveys . 
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Figure 4.8: Main IGS monument at HartRAO; HRAO, located on a shale outcrop 
fixed to andesite. 

4.10.2 IGS GPS Station HRAO 

HartRAO's main IGS GPS monument is shown here as Figure 4.8. The mon­
ument has just been installed and at that stage was not quite completed. The 
26 m radio telescope is situated in the background and the the view is roughly 
towards the west. The site has a desert-like appearance due to a veld fire 
which occurred during the installation. The site geology of the HRAO site is 
described in Figure 4.9. Figure 4.10 describes the interpreted geological sec­
tions A-A and B-B. The site selected for the monument is located outside the 
fenced perimeter of HartRAO, about 130 metres west of the main-building. 
This was done to minimise human and other traffic around the antenna, as 
visitors and casual investigators block satellite signals, causing loss of lock 
when their inquisitiveness leads them to ' 
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SECTION A - A' 
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Figure 4.9: IGS GPS Station HRAO: Geological sections A-A and B-B (Forbes 

1996) 
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the antenna. Another good reason to select this spot was that the point is 
a small hill, offering the antenna some additional elevation over trees, grass 
and fencing. The hill is a shale pocket located on the andesite. As there was 
concern about the possibility of a weathered contact zone between the shale 
and the andesite, I decided to have a hole drilled through the shale, into the 
andesite, and had a steel pipe grouted into the andesite. The steel pipe was 
isolated from the shale with plastic pipe and fixed to the shale surface via 
a steel collar, which in turn was fixed to a cement block. This isolates the 
steel pipe from any vertical movement the shale might have, as shale could 
expand slightly due to changing water content. Due to the severe lightning 
we experience during the summer thunderstorm period, adequate lightning 
protection was provided by buried copper rod and inline gas discharge tube 
protectors at the antenna, as well as at the receiver side. 

4.11 Footprint Monument Site Descriptions 

This section briefly describes one footprint monument as a typical example of 
the monuments used for the outer, inner and intermediate networks. The foot­
print monuments are all similar to monument 413. Figure 4.11 is a photograph 
of 413 which is occupied with a L1/L2 Geodetic antenna with a groundplane. 
This monument is located on exposed andesite. The cactus in the lower left 
corner is real and has been the source of discomfort in the past. This monu­
ment is typical of the trig beacons adapted with self-centring plates as used for 
the HartRAO footprint. The self-centring plates allow sub-millimetre antenna 
relocation. 

4.12 Conci us ions 

Monumentation for the geodesist is extremely important. The equipment 
which occupies a monument, for instance a GPS antenna, will be upgraded 
and replaced as time passes but the monumentation is final once constructed. 
It should therefore be the best possible which the geodesist can afford. The 
location of the monument should be investigated and the geological structure 
and factors such as security and accessibility should be included in the se­
lection process. Final results of a footprint or any other geodetic network 
depends to a large extent on the stability and suitability of the monumenta­
tion used . Variable pararryeters enter the stability equation and one must take 
into account those which may influence the error budget of the footprint. The 
approach finally decided upon should also be practical and expedient , to op­
timise use of existing monumentation, without sacrificing stability for a quick 
and easy solution. Long term stability should not be traded easily, as this is 
the geodetic monument's main function. 
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Figure 4.11: Inner network: Monument 413, typical of all the footprint monuments. 
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Figure 6,1: Geometry of the HartRAO footprint network, 

72 

6.3.1 First Epoch: Outer, Intermediate and Inner Net­
work, April/May 1997 

In this work the different" epochs" refer to an epoch of the network and not 
to an epoch of a sub-network, each epoch has dates assigned to it in any 
case to avoid any confusion . The equipment used for the first epoch was bor­
rowed from the University of Pretoria (courtesy of Fritz van der Merwe), Due 
to the lack of suitable equipment, the outer network will only be measured 
again when HartRAO has its own dual frequency GPS equipment. Ideally one 
should occupy the sites for several days, which was not possible with borrowed 
equipment. Nevertheless, the first epoch (April/May 97) was measured using 
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N 

Figure 6.2: Geometry of the HartRAO footprint inner network. 

2 Trimble 4000 SSIs, equipped with L1/L2 geodetic antennas and the results 
were acceptable. The results for the outer network adjusted individual ses­
sions and final adjusted values are given in Table 0.1 and Table 0.2. Sessions 
lasted about 3 hours. Comparison of the 2 SLR-LYT sessions show agreement 
on the several millimetre level, which gives an indication of the repeatability. 
No statistics were done on these sessions, the formal errors would be too op­
timistic so proper Gaussian statistics will have to wait for more independent 
measurements once dual frequency GPS receivers are obtained. Formal stan-
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Figure 6.15: Reference point B44: Final adjusted offset plotted 
nates plotted height. The 1998 epoch measurements are not 
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1: 

ASCI-DAVI RMS 0.0498 
ASCI-DAV! PPB 5.9243 5.8741 
ASCI-DAVl SIG 0.0050 0.0050 

ASCI-GOUG RMS 50 -3401817.1925 0.0221 384577.3146 0.0291 -1000831.0686 0.0613 3568468.6804 0.0147 
ASel-GOUO PPB . -3401817.11:125 384577.3146 8.1526 -1006831.0686 17.1794 3568466.6804 4.1112 
ASCI-GOUG SIG 50 -3401817.1925 0.0028 0.0038 -1006831.0686 3568468.6804. 0.0029 

ASCI-HARK RMS 56 -2156816.8145 3851864.3588 0.0327 -1777823.8452 0.0515 4759135.9967 0.0294 
ASCI-HARK PPB ·2156816.8145 3.4363 3851864.3588 6.8657 -1777823.8452 10.8223 4759135.9967 6.1679 
ASCI-HARK SIG 56 -2156816.8145 0.0024 0.0035 -1777823.8452 0.0072 4759135.9967 0.0038 

ASC1-HRAO RMS -2156887.5137 0.0163 3850136.8013 0.0330 -1776607.8303 0.0502 4757315.6841 0.0327 
ASCI-HRAO PPB -2156887.5137 3850136.8013 6.9275 -1776607.8303 10.5569 4757315.6841 6.8634 
ASCI-HRAO SIG -2156887.5137 3850136.8013 0.0033 -1776607.8303 0.0070 4757315.6841 0.0038 

ASCI·KERG RMS 27 ·4717310.0349 0.0383 4144888.3446 0.0352 -5332788.0325 0.0483 8238430.7702 0.0530 
ASCI-KERG PPB -4717310.0349 4.6452 4144888.3446 4.2787 -5332788.0325 5.8646 8238430.7702 6.4342 
ASCI-KERG SIG ·471 7310.0349 4144888.3446 0.0049 -5332788.0325 0.0116 8238430.7702 0.0080 

ASCI-MALI RMS 178983.6839 0.0091 5192335.9404 0.0723 -2678213.7913 0.0699 5845101.9485 0.0482 
ASCl-MALI 178983.6839 1.5576 5192335.9404 12.3715 -2678213.7913 11.9653 5845101.9485 8.2487 
ASCI-MALl SIG 178983.6839 5192335.9404 0.0067 -2678213.7913 0.00B5 5845101.9485 0.0058 

ASCI-MAWI RMS -5745035.6028 0.0430 2377249.8977 0.0221 -5039158.1990 0.0536 8003116.0499 0.0418 
ASCI-MAWl 55 -5745035.6028 2371249.8917 2.7646 -5039158.1990 6.0992 8003116.0499 5.2219 
ASCI-MAWl SIG 55 -574.5035.6028 2377249.8977 0.0030 -5039158.1990 0.0068 8003116.0499 0.0049 

ASCI-NAMI RMS 45 -1720306.4003 0.0221 3079709.3500 0.0442 -1065698.4196 0.0575 3685074.8857 0.0539 
ASCI-NAM! PPB 45 ·1720306.4003 6.0053 3019709.3500 12.0041 -1065698.4196 3685074.8857 14.6239 
ASCI-NAMI SIG -1720306.4003 3079709.3500 0.0057 -1065698.4196 0.0110 3685074.885 'I 0.0057 

37 -5336006.81,";2 0.0399 -1976152.4726 0.0159 -3534292.9061 6698460.5449 0.0219 
;l7 -5336006.8152 5.9552 -1976152.1726 2.3775 -3534292.9061 9.0919 6698460.5449 4.1614 

SIG 37 ·5336006.8152 -1976152.4 726 0.0032 -3534292.9061 0.0090 6698460.5449 0.0050 

60 ·5450002.0755 0.0244 -3839658.5106 6982768.7997 0.0394 
ASCI-PALM PPB 60 -5450002.0755 8.6948 -2076911.1704 3.4926 -3839658.5106 11.0654 6982768.7997 5.6391 
ASCI-PALM 60 -5450002.0755 0.0056 -2076911.1704 0.0040 -3839658.5106 0.0106 6982768.7997 0.0059 

RMS 61 - 2759404.5885 0.0179 311 0500.0841 0.0303 -1547068.6639 4436546.6194 0.0293 
PPB 61 -2759404.5885 4.0332 3110500.0841 6.8314 -1547068.6639 11.2116 4436546.6194 6.5972 
SIG 61 -2759404.5885 0.0023 3110500.0841 0.0032 -1547068.6639 0.0072 4436546.6104 0.0035 

RMS 60 -5705073.0129 0.0503 403507.3526 0.0237 -3596527.4021 67561.59.0878 0.0288 
60 ·570.5073.0129 7.4412 403507.3526 3.5121 -3596527.4021 11.2167 6756159.0878 4.2617 
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52 -1339458.8261 0.0355 -4864365.7096 0.0531 
DAVI-GOUG PPB 52 6.3146 -4864365.7096 7.4130 9.4530 

0.0017 0.0063 

DAVI-HARK 55 2397471.1463 0.0314 -4416559.4270 0.0287 -2436031.8062 0.0512 5584634.7061 0.0397 
PPB 55 2397477.1463 5.6277 -4416559.4270 5.1307 -2436031.8062 9.1751 5584634.7061 7.1015 

DAVI-HARK SIG 0.0033 -4416559.4270 -2436031.8062 5584634.7061 0.0048 

61 2395738.4288 0.0350 -4417681.2718 0.0282 -2436463.6328 0.0482 5584964.2368 0.0392 
DAVI-HRAO PPB 61 2395138.4288 6.2659 -4417681.2178 5.0407 -2436463.6328 8.6232 5584964.2368 1.0216 
OAV1-HRAO SIG 61 0.0034 ·4417681.2778 0.0044 -2436463.6328 0.0047 

2067395.1161 0.0156 -559002.2691 0.0081 -364186.4245 0.0490 2172481.3551 0.0173 
DAV1-KERG PPB 26 2067395.11.61 7.1712 -559002.2691 3.7257 -364786.4245 22.5673 2172481.3551 
DAV1-KERG SIG 26 2067395.1161 0.0022 -559002.2691 0.0019 -364786.4245 2172481.3551 0.0026 

4560656.3325 0.0762 -3901970.2664 0.0603 -4202209.5752 0.0468 7326904.0841 0.0796 
4560656.3325 10.3970 -3901970.2664 8.2292 -4202209.5752 7326904.0841 10.8612 
4560656.3325 0.0075 0.0065 ·4202209.5752 7326904.0841 0.0075 

30193.5810 0.0088 -634936.3232 -31577.8498 636437.7014 0.0139 
-634936.3232 21.6679 -31517.8498 35.4170 636437.7014 21.8917 

30193.5810 0.0010 -634936.3232 0.0017 -31517.8498 0.0056 636431.7014 0.0011 

44 1773210.2814 0.0468 -5149123.5569 0.0690 -3042272.1803 6238042.3032 0.0727 
1,4975 -5149123.5569 I -3042272.7803 6238042.3032 11.6468 

1773210.2814 0.0011 -5149123.5569 -3042272.7803 0.0195 6238042.3032 0.0106 

0.0160 -1837648.2892 4836543.6894 0.0332 
-1837648.2892 10.2774 4836543.6894 6.8114 
-1837648.2892 0.0086 4836543.6894 

0.0325 -1671204.4294 0.0366 -1803780.9107 4191234.3402 0.0506 
6.1778 -1677204.4294 7.6428 -1803180.9101 12.9512 4791234.3402 10.5573 
0.0039 ·1677204.4294 -1803780.9107 0.0114 4791234.3402 0.0053 

0.0319 0.0257 -2125756.5849 0.0454 5217150.2401 0.0359 
6.J086 -4531343.5512 -2125756.5849 8.7039 5217150.2401 6.8841 
0.0031 -4531343.5512 -2125756.5849 0.0091 5217150.2401 0.0045 

0.0215 -1986005.2238 -630411.5278 0.0415 2831848.8853 0.0390 
7.5840 -1986005.2238 14.2423 -630411.5278 14.6486 2831848.8853 13.7813 

·1917741.5535 0.0033 -1986005.2238 0.0037 -630411.5278 0.0104 2831848.8853 0.0043 

GOUG-HARK 0.0203 3503266.3969 -1105746.6671 Q.0526 
5.3835 3503266.3969 -1105746.6671 13.9738 3763845.8069 
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GOUG-HRAO RMS 0.0428 
PPB 3501449.8446 11.3892 

GOUG-HRAO SIG 3501449.8446 0.00S2 -1104181.1945 0.0047 

GOUG-KERG 24 0.0392 4101367.5963 0.0358 ·2718280.9231 5880847.2349 
GOUG·KERG ·3220884.4846 6.6719 4101361.5963 6.0951 -2718280.9231 9.6542 5880847.2349 

SIG 24 ·3220884.4846 4101367.5963 0.0086 -2718280.9231 0.0107 5880847.2349 0.0079 

GOUG-MALl RMS 51 0.0436 4884648,4862 0.0900 ·3031618.3025 0.0620 6223359.0793 0.0764 
GOllG-MALl PPB 2383211.6701 6,9994 4884648.4862 14.4673 ·3031618.3025 9,9674 6223359.0793 12.2820 
GOllG·MALI SIG 2383211.6701 0.0066 4884648.4862 0.0128 -3031618.3025 6223359.0793 0.0095 

RMS 47 ·4023595.5701 2327434.2611 0.0204 -2028498.7475 0.0494 5071595.2835 
PPB 47 -4023595.5701 2327434.2611 4.0274 -2028498.7475 9.7454 5071595.2835 8.9035 

GOllO·MAWI 47 ·4023595.5701 0.0055 2327434.2611 0.0049 -2028498.1475 0.0073 5071595.2835 0.0049 

39 1527487.7199 0.0467 2673058.3592 0.0537 -784997.3889 0.0107 3177212.7135 0.0432 
1521487.7199 26730:;8,3592 16.8889 .784997.3889 22.2619 3177212.7135 13.5837 
1527487.7199 2673058.3592 0.0095 -784997.3889 0.0141 3177212.7135 0.0078 

GOUG-OHIG RMS 33 -3099387.7603 0.0244 -2134564.6229 -1240817.1589 0.0580 3962599.8839 0.0252 
GOUG·OHIG 33 -3099387.7603 6.1462 ·2134564.6229 4.1250 -12:40817.1589 3962599.8839 6.3532 
GOUG-OHIG 33 -3099387.7603 0.0041 -2134564.6229 0.0047 -1240617.1569 3962599.8839 0.0043 

RMS 53 ·3363272.4810 0.0362 ·2209874.3238 0.0257 ·1443520.6441 0.0558 4215382.8084 0.0306 
PPH 53 -3363272.4810 8.4562 .2209871.3238 6.0066 -1443520.6441 13.0398 4275382.8084 7.1471 

GOlle-PALM SIG 53 -3363272.4810 ·2209874.3238 0.004t1 -1443520.6441 0.0074 4215382.8084 0.0040 

GOUG·SEYI RMS 1314817.3900 5778721.1410 0.0449 -4010621.0172 7155941.5371 0.0156 
GOUG·SEY1 PPB 1314817.3900 5778721.7410 6.2753 ·4010627.0772 4.1808 7155941.5371 

SIG 1314817.3900 577872t.7410 0.0315 -401 0627 .0172 0.0256 7155941.5371 0.0247 

GOUG-SUTH RMS 52 0,0157 2752703.9263 0.0302 -634082.6206 0.0392 2852228.1740 0.0327 
GOUG-SUTH PPB 52 394611.8651 5.5114 2752703.9263 10.5841 ·634082.6206 13.7308 2852228.1140 11.4673 
GOUG·SUTH SIG 52 394671.8651 0.0024 2752703.9263 0.0038 ·634082.6206 0.0060 2852228.1740 0.0036 

-3323227.8285 246534.0700 0.016! -952497.0194 0.0454 3465814.8854 0.0201 
GOUGNESL PPB -3323227.8285 246534.0700 4.6497 -952497.0194 13.0927 3465814.8854 5.7860 
GOUG·VESL SIG 51 ·3323227.8285 0.0028 246534.0700 0.0031 -952497.0194 3465814.8854 0.0025 

57 ·331.9109 0.0031 ·2082.7154 0.0057 0.0103 2113.8019 
lIARK·HRAO PPB 57 ·331.9109 -2082.7154 -142.4421 2113.8019 ******** 

SIG 51 ·331.9109 -2082.7154 0.0009 ·142.4427 0.0019 2113.8019 0.0009 

HARK-KERG 24 ·3006687.7804 0.0258 2814974.9212 0.0284 -1521677.9238 4390872.2276 0.0312 
lIARK·KERG PPB 24 5.8671 2814974.9212 6.4695 -1521677.9238 11.6365- 4390872.2276 7.0994 



University of Cape Town

Stations Days N ± E ± U ± Lenf!th ± 

HARK-MAL! 54 2402110.8314 0.0394 1377151.8619 0.0233 -629957.4171 0.0703 2839635.5529 0.0272 
HARK-MALI 54 2402110.8374 1377151.8619 8.2215 -629957.4171 24.7722 2839635.5529 9.5930 
HARK-MALI 2402110.8374 1377151.8619 -629957.4171 0.0105 2839635.5529 0.0033 

HARK-MAWl 0.0339 1403497,4536 0.0132 -2030079,4240 0.0440 5068145.9739 0.0305 
HARK-MAWI PPB 51 6.6866 1403497.4536 2.6029 -2030019,4240 8.6734 5068145.9739 

51 -4426632.5851 1403497.4536 -2030079,4240 0.0064 5068145.9739 0.0033 

HARK-NAMI 45 322961.2447 0.0654 -100369.9928 0.0392 1137491.6852 0.0643 
HARK-NAMI 4,5 13,6793 -1086052,1318 57.4848 -100369.9928 34.4774 1137491.6852 56.5493 

322961.2447 -1086052.1318 ·100369.9928 1137491.6852 0.0062 

llARK,OHIG 0.0437 ·2863022.9470 0.0276 ,3712814.0080 0.0565 6867183.7501 
HARK-OHIG 6.3658 -2863022,9470 4.0127 -3112814.0080 8.2236 6867183.7507 
H ARK-OHIC -5017601.4601 -2863022.9470 -3712814.0080 0.0076 6867183.7507 0.0057 

HARK-PALM 57 -5213324.2541 -2724392.9708 0.0442 -3955444.8198 0.0663 7088484 ,3632 0.0527 
HARK-PALM PPB 57 7.6635 ·2724392.9708 6.2289 -3955444.8198 7088484.3632 1.4324 

SIG 57 -5213324.2547 -2724392.9708 ·3955444.819S 0.0090 7088484.3632 0.0061 

HARK-SUTH -735188.9969 0,0075 -647659.4477 0.0134 ·77558.6725 0.0226 982843.3084 0.0124 
HARK-SUTH PPB 58 ·735188.9969 7.5983 13.6464 -77558.6725 22.9548 982843.3084 12.6348 

-735188.9969 -647659.4477 -77558.6725 0.0038 982843.3084 0.0014 

HARK-VESL 57 -4682359.2153 0.0361 -1022566.0165 0.0340 -219l>l86.0051 0.0623 5271524.5116 
PPB 51 -4682359.2153 6,8451 -1022566.0165 6.4417 -2195186.0051 11.8206 5271524.5116 6.5994 
SIG 57 -4682359,2153 ·1022566.0165 0.0039 -2195186.0051 0.0080 5271524.5116 0.0043 

0.0259 2816086.9596 0.0283 -1522299.1529 0.0475 439193 l.l 893 0.0306 
5.8941 2816086.9596 6.4537 ·1522299.1529 4391931.1893 6.9761 

SIG 28 ·3006878.6301 0.0034 2816086.9596 -1522299.1529 0.0075 4391931.1893 0.0044 

lIRAO-MALI 1379401.0674 0,0250 -630390.5760 0.0699 2840895,2967 0.0261 
BRAO-MALl 1379407.0674 8.8165 -630390,5760 24.6220 2840895,2967 

1379407.0674 -630390.5760 0.0096 2840895.2967 0.0032 

1404219.8918 0.0142 -2030Hl5.6059 0.0435 5068316.2132 0.0298 
HRAO-MAWI 1404219.8918 2.8011 -2030165.6059 8.5918 5068376.2132 5.8762 

-4426627.5590 1404219.8918 0.0030 -2030165.6059 5068376.2132 0.0031 

HRAO-NAMI 323458.6564 0.0149 -1083951.1703 o.o/no ·99890.2731 0.0326 1135585.1833 0.0597 
HRAO-NAMI 46 323458.6564 13.1522 -1083951.1103 53.6743 -99890.2131 28.6802 1135585.1833 

SIG 46 323458.6564 0.0027 - 1083951.1703 0.0062 -99890.2731 0.0097 1135585.1833 0.0058 

HRAO-OHIG 0.0293 -3711475.5644 0.0635 6865996.1298 
4.2611 -3711475.5644 9.2505 6865996.1298 6.7843 



University of Cape Town

HRAO-PALM RMS 62 -5212769.2312 0.0518 -2724423.1309 0.0458 -3954141.4685 0.0724 7087360.5246 0.0514 
IIRAO-PALM PPB -5212769.2312 7.3084 -2724423.1309 6,4633 -3954141.4685 10.2182 7087360.5246 
HRAO-PALM SIG -5212769.2312 0.0058 -2724423.1309 0.0056 -3954141.4685 0.0085 7087360.5246 0.0060 

1977412.5702 0.0090 2964358.9975 0.0174 -1085122.3294 0.0123 3724926.2018 0.0079 
1977412.5702 2,4189 2961358.9975 4.6654 -1085122.3294 3.3154 3724926.2018 2.1310 
1977412.1\702 0.0070 2964358.9975 0.0116 -1085122.3294 3724926.2018 0.0091 

HRAO-StiTH RMS 63 -734759.4279 0.0076 0.0115 -77167.0747 0,0206 981212.2736 0.0120 
HRAO-SUTH PPB -734759.4279 7.1475 11.1351 -71167.0747 21.0140 981212,2736 
HRAO-SUTH RIG -734759,4279 0.0008 -645117,7026 0.0017 -71167.0141 0.0032 981212.2136 0.0013 

HRAO-VESL RMS -4681980.6853 0,0371 -1021937.6294 -2194466.3267 0.0626 5270766.7483 0.0347 
HRAO-VESL PPB 7,0396 -1021937.6294 6.5702 -2194466.3267 11.8690 5270766.7483 6.5853 
HRAO-VESL -4681980.6853 0.0046 -1021937.6294 0.0041 -2194466.3267 5270766.7483 0,0041 

KERG-MALI 3954119.1742 0.0603 -3190610.5672 0.0477 -2510487,7423 5661239.4461 0.0511 
KERG-MAL! 3954119.1742 10.6479 8.4185 -2510487.7423 12.2989 5661239.4461 10.0692 

3954119.1742 0.0098 0.0082 -2510487.7423 0.0106 5667239.4461 0.0072 

KERG-MAWI RMS -2013078,7771 0.0162 -313238.3802 -341144.4581 0.0511 2065667.9276 0.0183 
PPB 7.8466 -313238.3802 -341144.4581 24.7473 2065667.9276 8.8633 
SIG 26 - 20 13078. 7771 0,0034 -313238.3802 0.0034 -341144.4581 2065667.9276 0,0028 

17 1081538,5014 0.0507 -2213894.5433 5322094.6711 0.0795 
KERG-NAMI PPB 17 1081538.5014 9.5283 -2213894.5433 11.4687 5322094.6111 14.9357 
!<ERG-NAMI SIG 17 1081538.5014 -2213894.5433 0.0166 5322094.6711 0,0092 

KERG-OHIG RMS 9 -5053940.1885 0.0572 ·2257919.7771 -3231717.4973 6409720.0509 0.0542 
KERG-OHIG PPB 9 -5053940.1885 8.9189 -2257919.7771 -3231717.4973 9,1501 6409720,0509 8.4614 
KERG-OHIG SIG -5053940.1885 0.0140 -2257919.7771 0.0075 -3231717.4913 0,0109 6409120.0509 0.0098 

RMS ·5198603.7802 -1950526,5376 0.0465 -3262978.3026 0.0859 6440268.817" 0.0681 
PPB -5198603.7802 -1950526.5375 7.2159 -3262978.3026 13.3401 6440268.8174 10.5748 

KCRG-PALM ·5198603.7802 -1950526.5376 ·3262978.3026 0.0144 6440268.8114 0.0084 

KERG-SUTH 431372.6336 0,0190 ·4091598,2539 -1502873.9522 0.0530 4385775.1785 0.0350 
431372.6336 4.3234 -1502873.9522 12.0766 4385775.1785 7.9767 
431372.6336 -4097598.2539 0.0062 ·1(;02873.9522 0.0083 4385775.1785 0.0054 

-3502757.5729 -1924893,6852 ·1419042.6697 0.0721 4241250.8075 0.0507 
KERG-VESL 27 -3502757.5129 -1924893,6852 12.5442 -1419042.6697 4241250.8075 11.9581 

MALI-MAW I 54 -5749831.504l. 0.0421 939536.9176 0,0114 -3827463.9655 0.0974 6970851.6312 0.0696 
PPB -5749831.5041 6.0340 939536.9176 1.6342 -3827463.9655 13.9722 6970851,6312 9.9855 

-5749831.5041 0.0070 939536,9116 0.0028 "3827463,9655 0.0111 6970851.6312 
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0.0719 
22,0245 

RMS 36 -5689482,7466 0.0352 -2842845.2805 0.0242 -6487159.1856 0,1091 9084889.5156 0.0979 
PPB 36 -5689482.7466 3.8799 -2842845.2805 2,6644 -648711:,9.1856 12.0093 9084889.5156 10.7758 

MALI-OHIO SIG 36 -5689482.7466 0.0050 -2842845.2805 0.0030 -6487159,1856 0.0148 9084889,5156 0.0110 

-5774167.2154 -2641863.0435 0,0394 -6149514.0481 0.1103 9266951.3838 0,0970 
·5774167.2754 4,6026 -2641863.0435 4.2465 -6749514.0481 11.9056 9266951.3838 10,4722 
-5774161.2154 0,0054 -2641863.0435 0,0036 -6749514.0481 0.0157 9266951.3838 0.0116 

0.0193 ·1789957.3980 0.0225 -1121141.7588 0,0857 0,0375 
5.1262 ·1789957.3980 5.9684 22,7061 3774606.6633 9.9474 
0.0027 0,0035 ·1121141.7588 0.0107 3774606.6633 0.0040 

·5948681.8269 ·1372975.6146 0,0362 -4596349.0841 0.1079 0.0784 
·5918681.8269 ·1372975.6146 4,7418 ·4596349,0841 14.1177 7641878.1997 10.2656 

60 0.0038 -4596349.0841 0.0140 7641878.1997 0.0089 

MAWI-NAMI 2864021. 7396 0,0464 ·4224088.9650 0.0618 0,0504 5699147,0547 0,0448 
MAWI-NAMI 2864021. 7396 8,1421 -4224088.9650 11.9006 -2536676.7712 8,8373 5699147.0547 7,8573 
MAWI-NAMI 286402 I. 7396 0.0067 0,0093 -2536676.7712 0.0135 5699147.0547 0.0080 

MAWI·OHIG ·353194iU1936 0,0297 -2461206.9068 0.0232 -1679966.0427 0,0412 4624287.6433 0.0300 
MAWI-OHIG PPB :14 6.1256 5,0130 -1679966.0427 8.9028 4624287,6433 

0,0037 -2467206.9068 0,0036 -1679966,0427 0.0085 4624287.6433 0.0044 

0,0309 ·2179058,2754 0,0531 ·1678929,5806 0,0526 4622271.6352 0,0436 
6.6928 ·2179058.2754 11.4872 -1678929.5806 4622271.6352 9,4242 
0,0044 -2179058,2754 0,0051 -1678929,5806 4622271.6352 0,0056 

MAW1·SUTH 0,0252 -1(;87855.0617 0.0395 4652562,4874 0.0269 
MAW1·SUTH 5A068 -1687855.0617 8.4811 4652562.4874 

57 2396736,2319 0,0036 -3612912,7342 0,0045 -1687855.0617 0.0091 4652562 A87 4 0.0044 

0,0187 -1833745,1120 0,0380 ·470200,7084 0,0332 2445084,9227 
7,6678 ·1833745,1120 15,5535 • <I 70200,7084 2445084,9227 12.9052 

-1547491.6599 0.0028 -1833745.1120 0,0038 ·470200,7084 2445084,9227 0,0038 

NAMI·OHIG 32 0,0419 0,0289 6687913,3326 0,0501 
NAMI·OHIG PI'S -4962528,4815 6.2640 4.3154 6687973,3326 1,5764 

·4962528.4815 ·2773419,5446 0.0062 6687973.3326 0,0052 

ltMS 47 0,0421 ·3795091.8514 0,0758 
PPB 6.0616 -3795091.8514 6942349.7406 
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0.0342 
29.8261 

0.0027 350005.7308 0.0059 ,105808.1450 0.0102 1145596.1021 

,685807.2902 0.0418 ·2325197.6495 0.0906 5426372.4277 0.0452 
.685807.2902 7.7072 ·2325791.6495 16.7001 5426372.4277 8.3358 

SIG 46 ·685807.2902 0.0067 ·2325797.6495 0.0109 5426372.4277 0.0059 

OHlG·PALM ·176108.3926 ·292043.6520 0.0130 ·9577.9569 0.0163 341167.6976 0.0129 
OHIG·PALM ·176108.3926 -292043.6520 37.9812 -9577.9569 47.8451 341167.6976 37.8642 

.176108.3926 ·292043.6520 ·9577.9569 0.0031 341167.6976 0.0016 

-591386.4521 0.0231 0.0323 -2853271.2485 0.0508 6038375.0564 
-591386.4521 3.8272 5288769.0977 5.3559 8.4060 6038375.0564 6.0754 
-591386.4521 5288769.0977 0.0056 -2853211.2485 0.0076 6038375.0564 0.0052 

OllIG·VESL 1649151.6338 0.0222 -457497.4528 0.0283 2408913.4162 0.0146 
OHIG·VESL 9.2322 -451497.4528 2408913.4162 6.0516 
OHIG-YESL 0.0032 -457497.4528 0.0066 2408913.4162 0.0031 

PALM-SUnl RMS -1019281.6430 5311443.7700 0.0343 -3084341.5915 0.0532 6277301.8508 0.0435 
PALM·SUTH PPB 62 5311443.7700 5.4645 -3084341.5915 6277301.8508 6.9344 
PALM-SUTH SIG 62 -1019287.6430 0.0056 0.0078 -3084341.5915 0.0093 6277301.8508 

PALM·VESL RMS ·1709883.2161 1763115.0749 0.0310 -494342.5669 0.0333 2505324.3211 0.0205 
PPB 61 -1709883.2161 9.0851 1763115.0749 12.3789 -494342.5669 13.3014 2505324.3211 8.1697 

PALM-VESL 61 0.0032 1763115.0749 0.0035 -494342.5669 0.0068 2505324.3211 0.0033 

·3026916.2901 -3067787.3671 0.0170 -1682546.5566 0.0164 0.0075 
-3026916.2901 0.8725 ·3061787.3671 3.6765 -1682546.5566 3.5385 4626500.2402 1.6126 

SEY!-SUTH SIG 3 -3026916.2901 0.0043 -3067787.3671 0.0082 -1682546.5566 0.0131 4626500.2402 

SEYI-VESL -5927850.1408 0.0479 -1712055.7934 0.0315 -4837166.6681 0.0453 1840199.2135 
PPB :.I ·5927850.1408 6.1061 -1712055.7934- 4.0123 .4837166.6681 5.7745 7840199.2135 3.5849 

3 -5927850.1408 0.0210 ·1712055.7934 0.0238 -4837166.6681 0.0388 7840199.2135 0.0236 

SU'fH·VESL 62 -4122691.4349 0.0305 -807104.3518 0.0295 -1599078.2001 0.0531 4495003.1372 0.0261 
SUTH·VESL 62 -4122691.4349 6.1168 ·807104.3578 6.5624 ·1599078.2007 ll.8163 4495003.1372 5.8120 
SUTH·YESL SIG -4122691. 4349 ·807104.3578 0.0035 -1599078.2001 0.0065 4495003.1372 0.0032 
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Baseline Date Start H:M LlZ Diat. AH 

SLR-LYT 06:20 3:20 -22702.4827 48205.9955 4961.3966 53514.8220 122.3684 
SLR-LYT 06:23 3:30 -22702.4890 48205.9916 4961.4011 53514.8217 

SLR-LYT Mean -22702.4858 48205.9936 4961.3988 53514.8218 122.3640 

SLR-POT 09:56 2:59 -15741.1116 -31179.8997 -58136.4225 67821.9165 173.7808 

SLR-RUS 11:01 2:40 26620.3280 -34735.8775 15921.8755 46569.6164 -94.9739 
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Before Min Sec Adjust After Min Sec " Old Cartesian New Cartesian Adjust (ml 

50 1 21.900800" +0.002138" 50' 0.OO151lm " 5062698.6576 5062698.5724 
13' +0.003789" 13' 01.408144" 0.OO1364m 2716535,9145 271653!1.0486 0.0141 

-O.07e3m 1529.IOOOm O.OO3754m 2763727.5525 2763727.4600 -0.0925 

RUS Lat S 25° 43' +0.002128" 43' 49.848849" 0.002144m 5112021.4683 5112021.3869 dx ·0.0814 
Lon 15' +0.003813" 0.OO2100m y 2633594.1016 2633594.1792 dy 0.0776 
Height L8351m -0.0724m 1311.7627m 0.005652m 2752167.0135 2152166.9831 dz ·0.0904 

28' +0.002128" 28' 24.735573" 0.OOH/48m 5069660.0286 5069659.9483 ·0.0803 
28' 57.639417" 0.OO2011m 263711>0.0794 2637150.1566 0.0112 

1580.5174m O.OO4708m 2826825.2806 -0.0910 
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SLR-SYF 10:01 3:47 2510.9646 -20939.2358 -16066.0896 26511.8044 318.0701 

SLR-MAG 09:39 2:20 9203.1530 -13301.0066 3094.8072 16467.9274 441.6762 
SLR-MAG 12:01 1:35 9203.1598 -13301.0051 3094.8030 16467.9292 441.6840 

SLR-MAG Mean 9203.1564 -13301.0058 3094.8051 16467.9283 

SLR-BI6 07:45 3:56 -3110.6927 16732.6399 10329.0959 19908,4874 37.1060 

SLR-TWE 09:28 2:51 -7964.3846 11910.7686 -3502.8522 14750.1798 180,4984 
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51' 24,255716" 24,253613" 0,002206m " 5094604,2933 5094604,2140 dx ·0.0793 

E 27" 31 ' 31 ' 33.820255" 0,002241m 2655028.9725 2655029.0501 dy 0,0776 
Height 0,OO5385m z 2765594.1418 2765594.0532 dz ·0.0886 

TWE Lat +0.002128" 2{Un 7088" x dx ·0.0816 
+0.003802" 42.079558" Y 2680240.7477 2680240.8243 dy 

2772191.7106 dz 

Lat 25° 47' 0,OO1408rn 5082290.4411 5082290.3645 dx ·0,0766 
Lon E 50' 27° 50' 0,00l404m 2685062.6129 2685062.6944 dy 0,0815 
Height ·O.0647m 1443.841Om O.003507m z 2758359.8493 2758359.7619 dz ·0,0874 
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SLR-413 10:46 1:37 -558.6233 1377.0804 -76.3473 1488.0321 164.1047 
SLR-413 07:26 6:02 -558.6201 1377.0885 -76.3520 1488.0386 164.1126 

SLR·413 Mean -558.6217 1377.0844 -76.3496 1488.0354 164.1086 

SLR-411 08:01 470.8376 760.4395 1185.4410 1485.0005 
SLR-411 07:58 470.8489 760.4458 1185.4388 1485.0056 175.5184 

Mean 470.8432 760.4426 1185.4399 1485.0030 175.5120 

SLR-B44 09:33 959.9801 -846.2560 474.1345 1364.7397 204.1365 
SLR-B44 12:01 1:34 959.9847 -846.2546 474.1337 1364.7418 204.1410 

SLR-B44 Mean 959.9824 -846.2553 474.1341 1364.7408 204.1388 

SLR-415 11:59 41.6983 -956.5427 888.9790 1306.5207 

SLR-414 0:41 302.1011 -669.5002 846.6467 83.2112 
SLR-414 10:01 0:59 -421.0891 302.1011 -669.4975 846.6451 83.2090 

SLR-414 Mean -421.0885 302.1011 -669.4988 83.2101 
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Before 

FIXED 5085401.0587 5085401.0587 dx 0.0000 
FIXED y 2668330.0559 2668330.0559 dy 0.0000 

1406.7366m I"IXED 2768688.8585 2768688.8585 dz 0.0000 

52' 52' 37.380906" 0.001005m " 5085871.9761 5085871.9006 
41 ' 26.552636" O.OO0899m y 2669090.4200 2669090.4991 dy 0.0791 

I 582.2476m 0,002421m 2761503.5053 2767503.4179 dz -0,0874 

53' 53' 23.123001" 0.OOO656m 5084842,5170 5084842.4384 dx -0,0786 
03,344684" 0,000657rn y 2669707.0595 2669707.1442 dy 0.0847 

-O.0641m O.OO1634m " 2768165.2963 2768765.2104 dz -0,0859 

53' 02.615924" +0.002149" 25° 02.613775" 0.OO2054m x 5086361.1204 5086361.0408 dx -0.0796 
40' 40' 27.296053" 0.002108m y 2667483.7231 2667483.8006 dy 0.0775 

1610.8751m 0.005233m 2768214.8145 dz -0.0902 

Lat S sal 25° 53' 45.818791" 0,Q01994m " 5084980.0524 5084979.9704 -0.0820 
41 ' 41' 26,862641" 0.OO1915m y 2668632.0801 2668632.1511 dy 0,0770 

0.004853m 2769358.4492 2169358.3578 dz -0,0914 

25° 54.715570" O.001788m x 5085442.8386 5085442.7570 dx -0.0816 
40' 39.103100" 27° 39.106906" 0.OO1807m y 2667373,4363 2667373.5132 0.0769 

O.004851m 2169577.9280 2769577.8374 -0.0906 
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SLR-413 08:47 05:08 -558.6146 1377.0920 -76.3555 1488.0399 164.1148 

SLR-411 13:00 10:54 470.8538 760.4417 1185.4418 1485.0075 175.5147 
SLR-411 00:01 23:57 470.8626 760.4492 1185.4358 1485.0093 175.5275 
SLR-411 00:01 07:27 470.8601 760.4520 1185.4368 1485.0107 175.5262 
SLR-411 07:29 05:45 470.8568 760.4540 1185.4377 1485.0115 175.5241 

SLR-411 Mean 470.8583 760.4492 1185.4380 1485.0098 175.5231 

SLR-B44 08:29 03:46 959.9904 -846.2529 474.1289 1364.7431 204.1513 

SLR-415 07:47 05:40 41.7014 -956.5396 888.9812 1306.5201 21.6946 

SLR-414 07:27 06:26 -421.0834 302.1061 -669.5004 846.6464 83.2167 
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O.OO1087m x 5085882.6237 5085871.9192 dx -10.7045 

-0.000229" O.OOlOI3m 2669096.1302 2669090.5052 -5.6250 
Height +O.OO45m 1582.2665m O.002691m 2767478.4820 2767503.4214 +21.9394 

25° 23.121901" 2.5 0 23.123013" 0.003020m 5084842.5203 5084842.4441 dx -0.0762 
-O.OOO:l85" 0.OO2931m 2669707.2000 dy ·0.0522 
.O.0854m O.007040m 2768165.2205 2768765.2140 dz -O.OO6S 

844 S 25° 53' 02.613810" O.004871m " 5086361.0490 ·10.7194 
40' +0.000249" 0.004771m y 2667489.4168 2667483.8030 dy -5.6138 

·0.OO30m 1610.8849m O.01l777m z 2768189.7989 2768214.7295 

44.918972" 45.818734" 0.003574m 5084979.9753 dx -10.7091 
O.003427m 2668637.7850 2668632.1619 dy -5.6231 

1489.9535m O.OO8138m 2769333.4439 d. 

53' 54.715576" 0.OO4725m 5085442.7601 dx -10.7202 
0.00454lm y 2667373.5163 dy -5.6139 

1428.4261m O.OI0971m • 27695$2.9282 27695 7i .8397 d • +24.9115 

53' 22.953502" 25° 22.953502" FIXED x .5085401.0587 0.0000 
+0.000000" 27° 41 ' FIXED 2668330.0559 2668330.0559 dy 0.0000 
+O.OOOOm 1406.7366m FIXED 2768688.8585 2768688.8585 d. 0.0000 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Baseline Date Start H:M Ll.x Ll.z H 

SLR·B44 12:01 1:52 959.8597 -846.3228 474.2068 1364.7216 203.9810 
SLR·B44 09:52 2:07 959.9711 -846.2621 474.1369 1364.7380 204.1256 

SLR-411 12:00 1:59 470.7170 760.3788 1185.5078 1484.9846 175.3551 
SLR-411 14:01 470.7405 760.3878 1185.4989 1484.9895 175.3816 
SLR-411 16:01 1:59 470.7561 760.3972 1185.4962 1484.9971 175.3991 
SLR-411 18:01 1:59 470.7406 760.3865 1185.5009 1484.9905 175.3802 
SLR-411 1:59 470.7310 760.3787 1185.5013 1484.9838 175.3692 
SLR-411 22:01 1:58 470.7369 760.3742 1185.4951 1484.9784 175.3747 
SLR-411 00:01 470.7429 760.3930 1185.5068 1484.9992 175.3822 
SLR-411 02:01 1:59 470.7333 760.3819 1185.5053 1484.9893 175.3706 
SLR-411 04:01 1:59 470.7263 760.3805 1185.5078 1484.9884 175.3633 
SLR-411 06:01 1:59 470.7319 760.3822 1185.5123 1484.9946 175.3665 
SLR-411 08:01 1:59 470.7284 760.3771 1185.5024 1484.9830 175.3659 
SLR-411 10:01 1:59 470.7257 760.3730 1185.5048 1484.9820 175.3610 
SLR·411 12:01 1:59 470.6994 760.3624 1185.4981 1484.9628 175.3386 
SLR-411 1:59 470.7402 760.3857 1185.4996 1484.9889 175.3802 
SLR·411 16:01 1:58 470.7592 760.3929 1185.4912 1484.9920 175.4020 
SLR-411 18:01 1:58 470.7453 760.3900 1185.4982 1484.9916 175.3866 
SLR-411 20:01 1:58 470.7425 760.3850 1185,4952 1484.9858 175.3837 
SLR-411 22:01 1:58 470.7449 760.3789 1185.4925 1484.9812 175.3841 
SLR·411 00:01 1:59 470.7503 760.3967 1185.5038 1485.0011 175.3910 
SLR-411 02:01 1:59 470.7368 760.3833 1185.5030 1484.9893 175.3749 
SLR·411 04:01 1:59 470.7250 760.3791 1185.5067 1484.9864 175.3622 
SLR·411 06:01 1:59 470.7332 760.3825 1185.5078 1484.9916 175.3696 
SLR·411 08:01 1:59 470.7317 760.3784 1185.4987 1484.9817 175.3707 

SLR-411 Mean 470.7356 760.3829 1185.5015 1484.9875 175.3745 

SLR·414 1:59 -421.1313 302.0740 -669.4783 846.6413 83.1557 
SLR·414 10:01 1:59 -421.1380 302.0733 -669.4752 846.6419 83.1487 
SLR·414 12:01 1:59 -421.1252 302.0850 -669,4816 83.1667 
SLR-414 08:40 1:13 -421.1249 302.0754 -669,4794 846.6394 83.1619 
SLR-414 10:00 -421.1354 302.0738 846.6420 83.1517 

SLR-414 Mean ·421.1310 302.0763 -669.4782 846.6419 83.1569 

SLR·606 09:20 -657.8895 2063.1954 447.7468 2211.3505 

SLR·415 08:30 1:28 -956.5512 1306.5241 21.6704 
SLR-415 10:01 1:59 41.6880 -956.5505 -888.9756 1306.5238 21.6719 
SLR·415 12:01 1:59 41.6926 ·956.5484 -888.9765 1306.5230 21.6768 
SLR-415 08:01 1:58 41.6841 -956.5536 -888.9731 1306.5242 21.6663 

1:59 41.6803 -956.5523 -888.9752 1306.5246 21.6648 
12:01 1:13 41.6849 -956.5531 1306.5228 21.6665 

SLR-415 Mean -956.5515 -888,9746 1306.5238 21.6694 

SLR-415 09:05 41.6970 ·888.9744 1306.5174 21.6817 
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Before 

dx 0.0008 
dy 0.0005 

1570,7029m dz 0.0005 

+0.000000" 53' 45.818870" Q,OOI7lam 5084979.9274 5084979.9283 dx 0.0009 
+0.000000" 27° 41' 26.86253B" 0.001391m y 2668632.1313 2668632.1318 dy 0.0005 
+O,OO11m 0.004412m 2769358.3360 2769358.3365 dz 0.0005 

25° 54,71.5599" +0.000000" 25° 53' 54.715599" 0.001331m 5085142.7494 5085442.7503 dx 0.0009 
27° 39,106834" +0.000000" 40' O.001139m y 2667373.5070 2667373.5074 dy 0.0004 

+O,OOl1m 1428.4122rn 0.003736m z 2769577.8337 2769517.8342 dz 0.0005 

B44 02.613839" 25° 02.613839" " 5086360.9537 dx 0.0009 
27.295839" +0.000000" 27° 27.295839" 0.002229m y 2667483.7477 2667483.7482 dy 0.0005 

+O.OOllm O.OO7450m 2768214.6767 2168214.6772 dz 0.0005 

52' 37.380848" +0.000000" 52' 37,380848" 5085871.7981 5085871. 7990 0.0009 
26.552494" +0.000000" 41 ' 26,552494" 0.001328m y 2669090.4409 2669090.4413 dy 0.0004 

1582.1l69m 0.003572m 2167503.3588 2767503.3592 dz 0.0004 

SLR La! S 53' +0.000000" 22.953502" FIXED " 5085401.0587 5085401.0587 dx 0.0000 
E +0.000000" 10.226915" FIXED Y 2668330.0559 2668330.0559 dy 0.0000 

1406.7366rn +O.OOOOm 1406.7366m FIXED z 2768688.8585 2768688.8585 dz 0.0000 
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Date H:M Ll.x " Ll.1I " Ll.z cr Slope Dist. " Ll.H cr 

0:59 1029.4765 0.890 -6Hl.6364 0.1147 1261.7845 0.472 1741.3105 0.406 11.4171 0.997 
0:59 1029.4760 0.158 -616.6369 0.6lT 1261.7830 0.618 1141.3093 0.462 11.4171 
0:59 1029.4735 .616.6386 0.608 1261.7869 1141.3113 11.4127 0.108 

1029.4796 ·616.6350 1281.1821 0.579 1741.3101 0.496 11.4212 0.119 

413·411 Mean 1029.4764 ·616.6367 126!. 7841 1741.3103 11.4170 

-137.5470 0.644 1074.9774 593.1578 0.349 1235.4480 0.305 80.8813 0.726 
-137.5437 0.683 1074.9765 0.543 593.1563 0.567 1235.4461 0.408 80.8842 0.856 

414·413 Mean -137.5454 1074.9170 593.1570 1235.4470 80.8828 

0:37 462.7115 0.120 -1258.650B 0.592 ·219.4706 0.515 1358.8696 0.455 0.126 
0:59 462.1132 0.184 0.453 0.457 1358.8697 0.358 -61.5410 0.B76 
0:59 462.7746 0.931 ·1258.6483 0.516 ·219.4737 0.171 1358.8689 0.376 ·61.5398 0.U8 

414·415 Mea.n 462.7731 -1258.6496 ·219.4130 1358.8694 ·61.5418 

0:54 918.3027 0.901 110.2928 0.639 1363.1024 0.591 1647.2682 
0:59 918.3077 0.673 110.2957 1363.0984 1647.2678 
0:59 918.3020 0.738 110.2934 0.366 1363.1029 0.318 1647.2682 0.358 
0:59 918.3049 0.609 110.2932 0.329 1363.1017 0.440 1647.2689 0.305 
0:58 918.3096 0.128 110.2949 0.897 1363.0991 0.966 1647.2694 0.563 

415·B44 Mean 918.3054 110.2940 1363.1009 1647.2685 

0:59 ·489.1402 0.133 1606.6980 711.3069 1823.9227 
0:59 -489.1328 0.115 1606.7081 0.922 711.3045 1823.9292 0.710 0.145 
0:59 -489.1433 0.123 1606.6998 0.767 711.3119 0.710 1823.9271 0.556 0.137 
0:59 0.101 1606.7059 0.572 711.3061 0.561 1823.9278 0.546 
0:59 0.919 1606.1016 0.506 711.3104 1823.9280 0.396 -28.6304 

B44·411 Mean -489.1388 1606.7028 711.3080 1823.9270 -28.6253 

0:59 519.3999 0.888 694.8155 0.550 1228.2785 1503.7330 168.0562 0.998 
0:59 519.4062 0.869 694.8148 0.707 1228.2766 0.709 1503.7332 0.542 168.0618 0.110 
0:59 519.4128 0.117 694.8203 0.740 1228.2729 0.703 1503.7351 0.588 0.131 
0:59 519,4113 0.130 0.723 1228.2145 1503.7359 0.608 168.0692 0.143 

519.4002 694.8130 1228.2785 1503.7319 168.0555 0.138 
519.4085 694.8168 1228.2756 1503.7342 0.632 168.0650 0.148 

0:59 519.4018 0.110 694.8178 0.676 0.629 1503.7332 0.536 0.121 
0.102 0.578 1228.2719 0.569 1503.7355 0.488 168.0727 0.113 
0.831 1228.2721 1503.7337 0.361 168.0690 0.104 

HRAO-41l Mean 519.4070 694.8181 1503.7340 

0:59 1407.5535 156.6396 0.873 
0;59 1407.5506 0.512 0.939 

0.698 0.122 
0:59 0.602 

-510.0677 ·33.5096 1401.5532 156.6491 0.832 
·510.0616 0.854 0.681 ·33.5096 0.708 1407.5542 0.574 0.107 

HRAO·413 Mean ·510.0675 1311.4552 -33.5089 . 1407.5533 156.6490 

-372.5213 
-372.5177 

-372.5208 
-372.5222 

·372.5206 
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0:59 0.730 -1022.1704 1330.0118 0.869 
0:59 0.618 -1022.1710 OA83 1330.0106 0.739 
0:59 0.751 -1022.1687 0.341 1330.0117 0.802 
0:59 0.752 -1022.1660 0.544 
0:58 0.123 -1022.1692 0.865 ·B46.1403 0.932 1330.010B 0.157 

l!RAO·415 Mea.n 90.2521 ·1022.1693 ·846.1412 1330.0115 14.2278 

0:59 1008.5399 0.130 ·911.8847 0.808 516.9715 0.681 1454.6291 0.145 
0:59 1008.5415 0.124 ·911.8918 0.993 516.9711 0.102 1454.6345 0.800 196.6816 0.156 
0:59 1008.5450 0.106 ·911.8821 0.670 516.9647 0.618 1454.6286 0.616 196.6913 0.118 
0:59 1008.5476 a.9S9 ·911.8831 0.544 516.9658 0.530 1454.6314 0.498 196.6925 0.106 
0:59 0.958 ·911.8785 516.9602 0.812 1454.6320 0.415 196.7031 0.121 

0.897 
0.803 
0.894 
0.813 
0.795 

HRAO-B44 Mean 1008.5518 ·911.8795 516.9633 1454.6312 196.6984 

0.623 -65.6273 0.700 
0,491 -65.6303 0.654 
0.489 -65.6275 0.554 

48.5579 0.616 -65.6267 0.675 
48.5583 0.517 -65.6280 0.309 0.243 ·7.4526 0.726 

0:59 48.5510 0.628 -65.6284 0.393 42.8361 0.337 92.1915 0.706 
48.5547 0.511 -65.6307 0.484 42.8364 0.443 92.1949 ·7,4579 0.687 

0:59 48.5533 0.574 -65.6285 0.365 42.8360 0.332 92.1924 0.313 ·7.4579 0.641 
0:59 48.5539 0.612 ·65.6272 0.348 42.8357 0.342 92.1917 0.270 ·7.4567 0.677 

0.008 ·65.6285 42.8355 0.502 92.1932 0.251 -7,4562 0.762 

0.652 -65.6283 42.8M! 0.349 92.1925 0.275 0.770 
0.594 -65.6281 42.8369 0.322 92.1913 0.669 
0.422 ·65.6294 42.8359 0.372 92.1932 0.572 
0.580 -65.6286 42.8363 0.31B 92.1921 0.303 0.638 

-65.6271 0.343 0.654 
0.553 0.458 0.699 
0.559 0.303 0.705 

0.702 0.453 0.836 
0.428 0.347 

48.5551 0.600 -65.6278 42.8349 0.258 
48.5553 0.587 -65.6272 0.424 
48.5580 0,442 ·65.6288 0.337 ·7,4539 

0:24 48.5529 0.118 -6.';'6270 0.101 42.8370 0.561 -7.4581 0.147 

HRAO·SLR Mean 48.5543 ·65.6283 42.8357 92.1927 -7.4569 

470.8484 0.888 760.4428 1185.4427 0.473 1485.0070 OA13 175.5150 0.997 
0.819 760.4481 1185,4376 0.695 1485,0068 0.423 175.5224 0.109 
0.118 1185,4369 0.756 0.586 175.5271 0.132 

1185,4405 0.723 175.5219 0.149 

175.5145 0.146 
1755237 0.157 
175.5172 0.127 
175.5294 0.1 Hl 

0.863 175.5237 0.108 
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D. 

0.785 
0.117 
0.143 

0:59 -558.6189 0.952 1377.0831 0.605 0.517 1488.0328 0.479 0.107 
0:59 -558.6144 0.965 1377.0893 0.928 -76.3465 0.849 1488.0369 0.767 

SLR·413 Mean -558.6214 1377.0840 ·76.3450 1488.0346 164.1066 

-421.0768 0.165 846.6459 0.722 83.2244 
·421.0722 0.943 846.6436 0.'115 83.2274 
-421.0716 0.820 846.6428 0.603 83.2285 0.111 
-421.0731 0.976 0,498 83.2289 0.107 

0.847 846.6440 0.375 83.2251 
0.651 846.6460 0.318 83.2232 0.823 

-421.0690 0.110 846.6467 0.524 83.2345 0.141 

SLR-414 Mean -421.0736 302.1091 ·669.5036 846.6451 83.2274 

0:37 41.6948 0.135 -956.5423 0.667 -888.9766 0.578 1306.5186 0.421 21.6811 0.141 
41.6988 0.815 -956.5428 0.472 ·888.9774 0.481 1306.5197 0.383 21.6844 0.912 
41.6971 0.965 -956.5418 1306.5187 0.459 21.6834 0.122 

41.6984 0.974 -956.5435 0.688 -888.9776 0.627 1306.5203 0.481 21.6840 0.116 
41.6957 0.647 -956.5413 0.535 -888.9762 0.520 1306.5177 0.362 21.6821 0.803 
41.6997 0.939 -956.5408 0.466 -888.9770 0.405 1306.5180 0.308 21.6858 0.986 
41.7018 0.758 -956.5385 0.411 -888.9778 0.549 1306.5169 0.388 21.6888 0.882 
41.6924 0.121 -956.5406 0.848 -888.9748 0.913 1306.5161 0.579 21.6791 0.154 

SLR-415 Mean 41.6973 -956.5414 -888.9768 1306.5182 21.6836 

0:59 959.9861 0.137 -846.2567 0.827 474.1361 204.1402 0.153 
959.9865 0.124 -846.2617 0.118 474.1353 0.167 
959.9918 0.112 -846.2537 0.710 474.1287 204.1492 0.125 
959.9938 0.886 -846.2559 0.503 O.9SO 
959.9996 0.109 -846.2501 0.577 474..1250 0.136 

0.S07 -846.2507 0.518 204.1590 0.969 
0.780 -846.2464 0.646 0.970 

-846.2475 0.502 
-846.2452 0.376 0.809 
-846.2455 0.451 0.817 



University of Cape Town

Station BefoT~ Min Sec Adjust After Min Sec Old Cartesian New Cartesian Adjust (m) 

37.380744" ·0.000043" 52' O.OO0387m 5085871. 9116 dx ·0.0028 
+0.000029" 27° 41 ' O.OO0417m 2669090.5015 2669090.5010 dy 

O.OOO96Im " 2767503.4176 2767503.4177 dz 

5:,' 25° 23.122857" 0.OO0412m " 5084842.4306 5084842.4330 dx 0.0024 
42' 27° 03.344541'1 y 2669707.1324 2669707.1368 dy 0.0044 

+0.OO42m 1570.8371m z 2768765.2007 2768765.2014 dz 0.0007 

53' 45.818734" +0.000023" 53' 0.OOO365m 5084979.9743 5084919.9797 dx 
26.862601" 0.OOO381m 2668632.1559 2668632.1607 dy 

0.OO0917m z 2169358.3570 2169358.3597 dz 

La! 04.715511" " 5085442.7521 dx 0.0033 
39.106927" y 2667373.5076 2667313.5113 dy 0.0031 

z 2769517.8329 dz 

B44 25° +0.000011" 53' 0.000318m " 5086361.0516 5086361.0544 dx 
Lat 27° 40' 27.295865tt +0.000049" 40' 21.295914" 0.OOO338m 2667483.8003 2667483.8034 dy 
Height +O.OO42m O.OOO795m 2168214.7283 2168214.7298 d" 

HRAO Lat 53' 25° 24.382820" 5085352.5003 dx 
Lon E 41 ' 13.124400" 27° 13.124400" Y 2668395.5811 dy 0.0000 
Height 1414.1880m FIXED dz 0.0000 

SLR S 25° +0.000023" 53' 0.OO0181m 5085401.0585 5085401.0551 dx -0.0034 
E 27° 41 ' 41' 0.OOO202m 2668330.0531 2668330.0531 dy 

Height O.OO0469m 2768688.8588 2768688.8565 dz ·0.0023 
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Date 

02/7/98 

03/7/98 

H·BRO 

02/7/98 

03/7/98 

H·MAG 

02/7/98 

03/7/98 

22/7/98 

23/7/98 

H:M 

5:59 

10:40 

Mean 

13:22 

13:00 

Mean 

15:58 

13:22 

23:58 

12:05 

Mean 

3:59 
4:58 

·3062.1084 

·3062.1282 

·3062.1183 

9251.7323 

9251.7394 

9251. 7358 

48.5563 

48.5511 

48.5507 

48.5508 

48.5522 

2559.5491 
2559.5097 

cr <r Slope Dist. 

0.16 16667.0069 0.10 10311.9101 0.10 19868.1189 

0.94 . 16667.0005 0.63 10371.9293 0.61 19868.1266 

16667.0037 10371.9197 19868.1228 

0.47 ·13366.6156 0.29 3137.6288 0.29 HI556.1371 

0.59 ·13366.5983 3137.6194 16556.1254 

·13366.6070 3137.6241 16556.1312 

·65.6253 0.91 42.8359 0.89 92.1917 

0.15 -65.6281 0.10 42.8385 0.10 92.1921 

0.13 ·65.6313 0.85 42.8313 92.1937 

0.15 -65.6301 0.10 42.8369 0.10 92.1931 

.65.6288 42.8372 92.1926 

0.24 ·21004.8468 0.16 ·16023.2448 0.17 26542.4049 
0.11 ·21004.8807 ·16023.2353 0.66 26542.4221 

23/7/98 4:27 2559.5155 0.37 ·21004.8625 0.26 ·16023.2254 0.15 26542.4023 

H·SYF 

22/7/98 

2317/98 

03/7/98 

Mean :2 2559.5248 ·21004.8633 

2:58 ·7915.7861 0.10 11845.1562 

10:59 ·1915.8114 0.48 11841>.1425 

·1915.7990 11845.1494 

·12313.8339 0.39 30033.6188 

10:40 -12313.8726 0.13 30033.5984 

-16023.2352 

0.60 ·3460.0275 

0.33 ·3460.0169 

·3460.0222 

0.57 7234.2804 

0.91 7234.3108 

MAG·BRO Mean ·12313.8532 30033.6086 7234.2956 

02/7/98 

SLR-BRO 

3/7/98 

5:59 -3110.6600 

10:32 ·3110.6197 

Mean ·3110.6629 

13:22 9203.1820 

12:52 9203.1884 

Mean 2 9203.1852 

3:59 
4:58 

2510.9955 
2510.9750 

16732.6345 10329.0716 

0.97 16732.6280 0.65 10329.0910 

16732.6246 1032£1.0764 

0.44 ·13300.9868 0.26 3094.7897 

0.60 ·13300.9699 3094.7808 

·13300.9784 3094.1852 

-16066.0744 
.20939.2438 0.56 ·16066.0803 

0.37 ·20939.2310 0.26 

·20939.2346 ·16066.0724 

119JO.7816 0.55 ·3502.8552 

0.34 

26542.4098 

0.62 14660.8041 

0.31 14660.8045 

14660.8046 

0.18 33256.3314 

0.89 33256.3339 

0.10 

0.63 19908.4128 

19908,4597 

0.27 16467.9213 

16467.9126 

16467.9184 

26511.7927 
0.55 

0.15 

0.54 

is 

aH 

0.79 29.6808 

0.45 29.6540 

29.6674 

0.20 434.2532 

0.28 434.2701 

434.2616 

0.62 ·1.4542 

0.07 ·7.4606 

0.07 -1.4613 

·7.4594 

0.12 310.6400 
0.44 310.5903 

310.5982 

310.6095 

0.36 173.0879 

0.23 173.0578 

173.0128 

0.46 ·404.5681 

cr 

0.18 

0.11 

0.55 

0.69 

0.16 

0.18 

0.15 

0.18 

0.29 
0.13 

0.34 

0.12 

0.57 

0.50 

.404.6206 0.16 

·404.5944 

0.80 37.1407 0.19 

0.46 37.11a9 

37.1322 

0.18 441.7l50 

441.7310 0.71 

441.7230 

318.0904 
0.39 318.0705 0.11 

0.10 



University of Cape Town

Station Before Min Sec Adjust After Min Sec (F Old Cartesian New Cartesian Adjust (m) 

BRO Lat 25° -0.000012" 47' 09.526182" O.002177m x 5082290.3B16 5082290.3804 dx 
Lon -0.000015" 53.791041" 0.00231Om 2685062.6837 2685062.6826 dy -0.0011 
Height -O.OOHlm 1443.8531m 0.006285m z 2758359.1723 2758359.7720 dz -0.0003 

24.382820" +0.000000" 24.382820" !-'IXED 5085352.5003 5085352,5003 dx 0.0000 
13.124400" 13.124400" FIXED y 2668395.6811 2668395.6811 dy 0,0000 

H~ight 1414.1880m FIXED 2768731.6920 2768731.6920 do; 0.0000 

24.25:{602 tj -0.000004" 24.253606" 0.001441m x 5094604.2343 5094604.2360 dx 0.0017 
31 ' 33.820492" +0.000023" 33.820515" 0.OO1558m y 2655029.0682 2655029.0698 dy 0.0016 

1848.4447m +0.0025m 1848.4472m 0.OO6464m 2765594.0668 d~ 0.0012 

SLR Lat 53' 22.953503" +0.000003" 25° 22,953501 " 0.000411m x 5085401.0526 5085401.0538 dx 0,0012 
Lon 27° 41 ' 10.226911 " -0.000003" 10.226908" 0.OOO437m y 2668330.0526 2668330.0531 dy 0.0005 
Height 140G.7303m 0.001401m z 2768688.8551 2768688.8551 dz 0,0006 

SYF r~at 26° 02' 58,473881" 0.OO2947m x 5087912.0242 5087912.0255 0.0013 
-0.000001" 29' 0.OO3062m y 2647390.8091 2647390.8097 dy 0,0006 
+O.QOIOm 1724.7957m O.018255m z 2784754.9304 dz -0.0004 

TWE 55' 26.616819" +0.000011" 26.616808" 
42.079276" -0.000072" 49' 42,019204" 
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6/10/99 1i:05 0.335 -616.6372 

6/09/99 4,23 -137.5421 0.260 1074.9779 

462.7683 0.305 -1258.6516 

414-415 

6/24/99 4:44 918.2917 0.413 

-489.1362 1606.7006 
-489.1350 0.365 1606.6971 

B44-411 Mean -489.1356 

519.4115 0.346 694.8220 
519.4119 694.8243 
519.4086 0.305 694.8181 

HRAO-411 Mean 519.4107 694.8215 

4:23 -510.0609 0.252 131 
5:47 -510.0608 0.296 1311.4594 

HRAO-413 Mean -510.0608 1311,4586 

4:21 -372.5181 0.332 236,4817 
5:54 -372.5190 0.226 236.4199 

HRAO-414 Mean -372.5186 236.4808 

9().2958 -1022.1454 

1008.5536 0.267 
1008.M36 0.357 

0.357 

HRAO-B44 Mean 1008.5766 -911.8625 

5:59 48.5562 
6:48 48.5560 

470.8550 

SLR-411 470.8533 

SLR-415 Mean 

0.230 1261.7860 0.217 1741.3096 

593.1546 0.177 1235.4464 

0.218 -219.4693 0.194 1358.8690 

0.285 1363.1098 0.258 1647.2680 

0.799 711.3082 1.067 1823.9245 
0.249 711.3057 0.223 1823.9201 

711.3070 1823.9223 

1228.2724 0.223 1503.7350 
1228.2713 1503.7353 

0.210 1228.2746 0.195 1503.7340 

1503.7348 

0.181 ·33.5140 1407.5535 
0.200 -33.5136 1407.5549 

-33.5138 1407.5542 

0.236 -626.6700 0.197 766.4258 
0.152 -626.6688 0.144 766.4248 

-626.6694 766.4253 

0.214 1330.0091 
1330.0120 

-846.\639 1330.0106 

0.174 1454.6307 
0.220 
0.223 1454.6425 

516.9511 1454.6334 

92.1917 
92.1921 
92.1917 
92.1918 
92.1920 
92.1917 

92.19\8 

1485.0079 
1485.0105 
1485.0065 

1485.0083 

14811.0335 
1488.0346 

1488.0340 

0.161 11.4130 

0.135 80.8868 

0.159 -61.5481 

182.4624 

0.626 -28.6242 
0.181 -28.6236 

-28.6239 

168.0709 
0.589 168.0727 
0.158 168.0860 

11>8.0699 

0.133 156.6577 
156.6582 

156.6580 

0.141 15.7728 
0.107 75.7708 

75.7718 

0.168 14.2253 
0.155 14.3387 

14.2820 

0.136 
0.\84 
0.184 196.S010 

196.7306 

0.105 -7.4540 
0.091 
0.102 
0.086 
0.103 

-7,4542 

0.180 175.5247 
0.689 175.5216 
O.WO 175.5188 

175.5211 

164.1122 

0.398 

0.317 

0.363 

OA86 

2.070 
0.427 

0.410 
1.804 
0.361 

0.307 
0.351 

0.394 
0.267 

0.409 
0.366 

0.316 
0.420 
0.421 

0.268 
0.225 
0.251 
0.208 
0.254 

2.\26 
0.364 

0.364 
0.306 

0.386 
0.397 
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0.001694m x 5085871.9144 5085871.9123 
26. 552534 ~j 0.001727m y 2669090.5031 2669090.5020 

1582.258900 2767503.4209 2767503.4191 

413 Lat +0.000001" 53' 23.122891" 0.001523m " 5084812.4413 5084842.4401 dx 
+0.000000" 03.344521 " O.OO1545111 y 2669707.1406 2669707.1401 dy 0.0005 

1570.8412m 0.00375700 2768765.2070 2768765.2065 d. 0.0005 

414 45.818726" +0.000001" 53' 45.818125" 0.001469m 5084979.9835 dx 0.0008 
+0.000000" 26.862605" 0.001499m 2668632.1628 2668632.1625 0.0003 

1489.9610m 0.003616m 2769358.3623 2769358.3618 0.0005 

415 S 54,715465" 54.715465" 0.OO2329m 5085442.7527 5085442.7519 dx 0.0008 
40' 39.106962" 39.106962" 0.OO2418m y 2667373.5127 2667373.5123 dy 0.0004 

1428.4143m O.OO5791m z 2769517.8319 2769577.8314 d. 

53' 02.613689" 0,Q01620m " 5086361.0634 5086361.0534 dx 0.0100 
0.OOH172m y 2667483.8114 2667483,8061 dy 0.0053 

·O.0126m 0,003988m 2768214.7336 2768214.7280 d" 0.0056 

24.382820" +0.000000" 25° 24.382820" FIXED 5085352.5003 5085352.5003 dx 0.0000 
13.124400" 27° 41 ' 13.124400" FIXED Y 2668395.6811 2668395.6811 dy 0.0000 

1414.1880m FIXED z 2168731.6920 2768731.6920 dz 0.0000 

SLR Lat S 53' 22,953503" +0.000001" 22.953502" O.OOO844m " 5085401.0602 5085401.0587 ox 0.0015 
Lon 27° 10,226914" +0.000000" 10.226915" Y 2668330.0559 oy 0.0008 

·O.OOlBrn 1406.7366m 0.002095m 2768688.8593 2168688.8585 d. 0.0008 
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University of Cape Town

1: 

Point MJD AX 6.Y Ll Height Distance Surface T (0 C) T 40 em 

470,8526 1185,4401 115,5214 1485,0086 31.537463 22,380056 
470,8592 760,4501 1185,4365 175,5294 1485,0093 31.847553 23,945821 

,50742,625000 470,8561 160,4489 1185.4393 175,5252 1485,0098 30,483906 26,170559 
50742,708333 470,8576 760.4463 1185.4376 175,5260 1485,0077 27.472345 28,004626 

5 50742,791667 470,8582 760.4475 1185.4373 115,5271 1485,0082 23,637991 28,956592 
6 50742,875000 470,8578 760.4473 1185.4391 175,5259 1485,0094 20,026498 28,771359 

50712,958333 470,8607 760.4502 1185.4379 175,5300 1485,0109 17,623513 27.498578 
50743,041667 470,8593 760.4472 1185,4380 175,5276 1485,0089 17,091382 25.479259 

9 ,50743.125000 470,8575 760,4477 1185.4385 175,5262 1485,0091 18,591611 23,254521 
10 50743,208333 470,8578 760.4473 1185,4392 175,5259 1485,0095 21.741642 21.420454 

50743,291667 470.8572 760.4467 1185.4366 175,5264 1485,0069 25,717355 20,468488 
50743.458333 470,8596 760.4505 1185.4360 175,5301 1485,0092 32,023598 21.926502 

470,8574 760.4473 1185,4385 175,5260 <485,0088 32,704175 23.945821 
15 50743,625000 470,8606 160.4491 1185,4362 175,5305 1485,0092 31.352047 26,170559 
16 50743,708333 470.8600 1185.4357 175,5298 1485,0082 28,348230 28,004626 

50743,791667 470,8605 760,4487 1185.4363 175,5299 1485,0088 24,515811 28,956592 
50743,875000 470,8632 760.4505 1185.4378 175,5321 1485,0117 20,899819 28,771359 

470,8598 175,5290 1485,0106 18.487214 27.498578 
50744,041667 470,8604 1185.4389 175,5288 14M,OnO 17,942875 25.479259 

21 50744,125000 470,8564 1185.4394 175,5247 1485,0092 19.431578 23,254521 
50144,208333 470,8552 760.4455 J 185,4391 175,5231 1485,0077 22,573851 21.420454 
50744,291667 470.8556 1185,4367 175,5253 1485,0069 26.541648 20,468488 
50744,375000 470,8590 1185,4392 175,5274 1485,0105 30,308196 20,653721 
50744.458333 470,8556 76004457 1185.4358 175,5250 1485,0053 32,867942 21.926502 
50744,541667 470,8644 760.4497 1185,4370 175,5331 1485,0111 33,560724 23,945821 

27 50144,625000 470,8617 760.4493 1185.4375 175,5306 1485.0105 32,220127 26,170559 
50744,708333 470,8625 1185.4356 175,5319 1485,0092 29,224085 28,004626 

470,8626 1185.4363 175,5323 1485,0102 25,393600 28,956592 
410,8618 760.4491 1185,4369 175,5308 1485.0099 21.773184 28.711359 

50714,958333 470,8554 760.4444 1185.4393 175,5228 1485.0074 19,350982 27.498578 
50745,041667 470,8520 1185.4415 175,5188 1485,0078 18,794442 25,479259 

33 50745,125000 470,8516 1185.4409 175,5191 1485,0076 20,271606 23,254521 
50745,208333 470,8510 760.4413 1185.4403 175,5175 1485.0051 23.406090 21.420454 

470,8510 760.4415 1185,4412 115,5172 1485.0060 27,377934 20.468488 
50745,375000 470,8482 760.4411 1185,4409 175,5150 1485,0046 31.142887 20,653721 

37 50745.458333 470,8547 1185.4378 175,5229 1485,0060 33.712217 21.926502 
38 470,8519 1185.4397 175,5189 1485,0054 34.417197 23,945821 
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University of Cape Town

Li.X Li.Y Li.Z Height Slope Distance Surface T (0 C) 'r at 40 em (OC) 

470,8455 760.4388 175.5092 1485,0074 14.205621 
47Q,8514 760,4431 175.5157 1485,0116 15.501510 18.360915 

41 50748.958333 470.8530 760,4161 1485.0106 13.332046 22.624188 
42 50749.041667 470,8499 760,4431 175,5153 1485,0096 12.945249 25.853137 
43 50749,125000 470,8513 760.4458 1485.0101 
44 470,8523 760,4442 1485.0080 
45 470.8504 760.4434 1485.0066 
46 470.8,501 760.4422 175,5163 1485.0070 

470,8462 760,4411 1485,0073 
470.8433 760,4412 10.345302 

22.331055 
50 760,4416 1485.0074 14.205621 
51 470.8187 760.4418 1485,0075 15,193105 18.360915 
52 410,8466 160.4410 1485.0015 12.931939 22.624188 
53 160,4438 1485,0086 25.853137 
54 760.4423 1185.4454 1485.0084 13.816150 
55 760.4405 1185,4441 1485,0069 16.705640 26.256120 
56 760,4425 1185.4451 175,5124 1485.0082 20.323351 23.322179 
57 760.4400 1185.4440 175,5111 1485.0057 23.098487 19,166885 
58 470,8471 760.4432 1185,4419 175.5145 1485.0062 25.924754 14.903612 
59 760,4407 1185.4434 175,5099 t485,0050 26.400709 11.674663 
60 470,8475 760.4423 t 185.4443 175,5134 1485,0078 24.989417 10.345302 
61 470.8431 760.4384 1185.4451 1485.0050 22.054824 i--l 

62 50750.791667 470,8424 760.4398 1185.4467 1485.0068 18.365082 14.205621 
63 50750,875000 470,8473 760,4419 1185.4481 1485.0105 14.888882 18.320915 
64 50750,958333 470,8447 760.4419 1185.4467 1485,0086 12.538115 
65 47008455 760,4419 1185.4464 1485,0087 11.926042 
66 50751.125000 470,8446 760,4121 1185.4467 1485.0086 13,204503 
67 50751.208333 470,8468 760.4405 1 
68 50751.291667 1185.4457 19.624550 
69 760.4404 1185.4453 1485,0062 23.041065 
70 1185.4473 1485,0094 25.355849 
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University of Cape Town

>--' 
CLl;G W\;;L V, 

AX AY Z Height Surface T (0 Cj 

470.8508 760.4441 1185.4389 175.5191 1485.0054 31.587931 24.407825 
470.8528 760.4454 1185.4394 175.5211 1485.0071 34.282841 27.003754 
170.8560 760.4463 1185.4394 175.5239 1485.0086 34.815137 29.667170 
470.8497 760.4447 1185.4411 175.5175 1485.0071 33.116823 31.684356 

75 50756.708333 470.8447 760.4408 1186.4421 175.5115 1485.0043 29.663208 32.514845 
76 50756.791667 470.8478 760.4428 1185.4426 175.5146 1485.0067 25.357044 31.936096 
77 50756.875000 470.8492 760.4430 1185.4452 175.5146 1485.0094 21.308871 30.103195 

470.8478 760.4424 1185.4445 115.5136 1485.0080 18.566269 
79 470.8466 760.4423 1185.4441 175.5128 1485.0073 17.858858 
80 470.8443 175.5098 1485.0076 19.420613 22.826664 
81 470.8456 1185.4442 175.5109 1485.0069 22.932797 21.996175 

470.8439 1185.4446 115.5095 1485.0057 22.574924 
410.8458 175.5118 1485.0058 24.401825 

115.5194 27.003154 
175.5090 1485.0064 29.667170 
175.5103 1485.0083 37.578187 31.684356 

760.4389 175.5080 1485.0054 35.092870 32.514845 
175.5142 1485.0090 31.172481 31.936096 

470.8499 175.5149 1485.0099 26.833602 30.103195 I-.t 
470.8512 760.4435 115.5160 1485.0111 23.194606 27.507266 
470.8483 760.4430 1185.4442 175.5144 1485.0083 21.203435 24.843850 
470.8488 760.4437 1185.4432 175.5151\ 1485.0080 21.406755 22.826664 
470.8491 760.4427 1185.4423 175.5157 1485.0068 23.816667 21.996175 

94 470.8487 760,4413 1185.4392 175.5161 1485.0036 32.745688 24.407825 
95 470.8459 760.4404 1185.4400 175.5132 1485.0029 37.213349 27.003754 
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University of Cape Town

Point MJD Ll.X Ll.Y Ll.Z Height Slope Distance Surface T (0 G) Tat 40 em (oG) 

96 50763.375000 470.8416 760.4406 1185.4457 175.5074 1485.0061 24.870389 23.011816 
97 50763.458333 470.8448 760.4387 1185.4453 175.5093 1485.0059 27,432586 18.998520 
98 50763.541667 470.8450 760.4399 1185.4454 175.5099 1485.0066 28.452226 15.958901 
99 50763.625000 470.8427 760.4404 1185,4453 175.5083 1485.0060 27.663700 14.707488 
100 50763.708333 470.8402 760,4376 1185,4466 175.5046 1485.0048 25.298124 15.579547 
101 50763.791667 470.8437 760.4400 1185.4482 175.5077 1485.0085 22.019747 18.341456 
102 50763.875000 470.8444 760.4417 1185.4491 175.5086 1485.0103 18.743671 22.253104 
103 50753.937500 470.8505 760.4446 1185.4445 175.5167 1485.0100 16.845555 25.314737 
104 50763.979167 470.8543 760,4450 1185.4422 175.5209 1485.0096 16.023836 27.155928 
105 50764.04[667 470.8499 760.4452 1185.4448 175.5163 1485.0104 15.604095 29.306019 
106 50754.125000 470.8471 760.4421 1185,4445 175.5130 1485.0077 16.632009 30.557432 
107 50764.208333 470.8486 760.4427 1185.4445 175.5143 1485.0085 10.200116 29.685373 
108 50764.291667 470.8465 760.4419 1185.4438 175.5127 1485.0068 22.617527 26.923164 
109 50764.375000 470.8472 760.4428 1185.4444 175.5134 1485.0080 25.959939 23.011816 
110 50764 .458333 470.8441 760.4379 1185.4162 175.5080 1485.0060 28.323764 18.998520 
111 50764.541667 470.8452 760.4444 1185.4449 175.5122 1485.0086 29.074184 15.958901 
112 50764.625000 470.8376 760.4371 1185.4487 175.5014 1485.0055 28.019545 14.707488 
113 50764.708333 470.8462 760.4431 1185,4462 175.5119 1485.0093 25,464060 15.579547 
114 50764.791667 470.8426 760.4384 1185,4502 175.5053 1485.0089 22.124142 18.341456 
115 50764.875000 470.8453 760.4437 118.5.4480 175.5106 1485.0107 18.931800 22.253104 
116 50764.958333 470.8479 760.4422 1185.4482 175.5120 1485.0109 16.778389 26.266400 
117 50765.041667 470.8425 760.4416 1185.4494 175.5069 1485.0099 16.269926 29.306019 
118 50765.125000 470.8419 760.4391 1185.4475 175.5062 1485.0069 17..,60585 30.557432 
119 50765.208333 470.8444 760,4398 1185,4456 175.5093 1485.0065 20.310319 29.685373 
120 50765.291667 470.8445 760.4386 1185,4439 175.5096 1485.0046 23.778347 26.923464 I-< 
121 50765.375000 470.8474 760.4422 1185.4428 175.5140 1485.0065 27.026460 23.011816 
122 50765.458333 470.8463 760,4375 1185.4431 175.5110 1485.0040 29.176976 18.998520 
123 50765.541667 470.8397 760.4366 1185.4467 175.5037 1485.0043 29.653665 15.958901 
124 50765.625000 470.8420 760,4369 1185.4479 175.5052 1485.0061 28.340073 14.707488 
12.5 50765.708333 470.8450 7GO.1:l93 1185,4453 175.5097 1485.0063 25.611537 15.579547 
126 50765.791667 470.8431 760.4406 1185.4457 175.5085 1485.0066 22.232009 18.341456 
127 50765.875000 470.8468 760,4401 1185.4470 175.5107 1485.0085 19.144377 22.253104 
128 50765.958333 470.8497 760.1383 1185,4471 175.5123 1485.0086 17.211234 26.266400 
129 50766.041667 470.8541 760.4433 1185.4467 175.5181 1485.0123 16.978093 29.30G019 
130 50766.125000 470.8441 760,4350 1185.4484 175.5058 1485.0062 18.523497 30.557432 
131 50766.208333 470.8446 760.4373 1185.4451 175.5086 1485.0049 21.437424 29.685373 
132 50766.375000 470.8295 760.4441 1185.4502 175.1972 1485.0077 28.067153 23.011816 
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MONUMENT ON 228 

1: on clay 

2 51197.750000 11.683300 -1.545400 15.114300 2.061900 19.165900 
3 51198.000000 11.683500 -1.545800 15.114100 2.061900 19.165900 
4 51198.250000 11.685200 -1.545800 15.113900 2.063300 19.166700 
5 51198.500000 11.683lO0 -1.546500 15.115000 2.060900 19.166400 
6 51198.750000 11.683400 -1.546000 15.114700 2.061500 19.166300 
7 51199.000000 11.682300 -1.547300 15.116600 2.059300 19.167200 
8 51199.250000 11.681700 -1.548lO0 15.115900 2.058700 19.166400 
9 51199.500000 11.682900 -1.547500 15.115500 2.060100 19.166800 
10 51199. niOOOO 11.683600 -1.547000 15.114600 2.061400 19.166300 
11 51200.000000 11.684500 -1.547500 15.114600 2.061800 19.167000 
13 51200.500000 11.684200 -1.547300 15.114500 2.061700 19.166700 
14 51200.750000 11.684800 -1.547400 15.114500 2.062200 19.167100 
15 51201.000000 11.686600 -1.547600 15.114100 2.063600 19.167900 
16 51201.250000 11.684900 -1.547400 15.114100 2.062300 19.166800 
17 51201.500000 11.684900 -1.547500 15.115000 2.061900 19.167500 
18 51201.750000 11.685700 -1.547300 15.114000 2.063100 19.167200 
19 51202.000000 11.686400 -1.547800 15.114800 2.063100 19.168300 
20 51202.250000 11.685500 -1.547500 15.114200 2.062800 19.167300 
21 51202.500000 11.684200 -1.547100 15.114400 2.061800 19.166600 
22 51202.750000 11.684400 -1.547100 15.114400 2.062000 19.166700 
23 51203.000000 11.685000 -1.547300 15.114000 2.062600 19.166800 
24 51203.250000 11.685200 -1.547800 15.114400 2.062400 19.167300 
25 51203.500000 11.684500 -1.547100 15.114300 2.062100 19.166700 
26 51203.750000 11.684300 -1.547300 15.114400 2.061800 19.166700 
27 ,51204.000000 11.684400 -1.547600 15.114100 2.061900 19.166500 
28 51204.250000 11.685800 -1.547500 15.114000 2.063100 19.167300 
29 51204.500000 11.684700 -1.546000 15.114400 2.062700 19.166800 
30 51205.347222 11.686100 -1.548000 15.113900 2.063200 19.167500 
31 51205.500000 11.684500 -1.547200 15.114400 2.062000 19.166800 
32 51205.750000 11.684300 -1.547300 15.114600 2.061700 19.166800 
3:1 51206.000000 11.684600 -1.547200 15.114100 2.062300 19.166600 
34 51206.250000 11.686200 -1.547000 15.113700 2.063800 19.167300 
35 51206.500000 11.684500 -1.547800 15.114300 2.061800 19.166800 
36 51206.750000 11.684300 -1.547700 15.114600 2.061500 19.166800 
37 51207.000000 11.684900 -1.547700 15.114600 2.062000 19.167200 
38 51207.250000 11.683600 -1.548500 15.114800 2.060600 19.166600 
39 51207.500000 11.684300 -1.547300 15.114400 2.061800 19.166700 
40 51207.750000 11.684500 -1.547700 15.111500 2.061800 19.166900 
41 51208.000000 11.684800 -1.547500 15.114200 2.062200 19.166800 
42 51208.250000 11.685500 -1.547500 15.114100 2.062800 19.167200 
43 51208.500000 11.684700 -1.547400 15.114400 2.062100 19.166900 
44 51208.750000 11.684200 -1.547900 15.114700 2.061300 19.166900 
45 51209.000000 11.684700 -1.547700 15.114300 2.062000 19.167000 
46 51209.250000 11.684700 -1.547800 15.114800 2.061700 19.167300 
47 51209.500000 11.684700 -1.547800 15.115700 2.061400 19.168000 
48 51209.750000 11.684500 -1.549500 15.116200 2.060300 19.168400 
49 51210.000000 11.687900 -1.548000 15.114200 2.064500 19.168800 
50 51210.250000 11.686100 -1.547900 15.114000 2.063100 19.167500 
51 51217.312500 11.683700 -1.548500 15.114200 2.060900 19.166000 
52 51224.312500 11.686200 -1.547200 15.113900 2.063600 19.167500 
53 51231.306250 11.686600 -1.548400 15.114200 2.063300 19.168000 
54 51231.312500 11.685900 -1.548000 15.113500 2.063200 19.167000 
55 51238.306250 11.688600 -1.547700 15.112200 2.066100 19.167600 
56 ,51238.312500 11.685400 -1.548200 15.114100 2.062500 19.167200 
57 5124.1.306250 11.686800 -1.549200 LS.1I3800 2.06:1300 19.167900 
.18 ,51245.312500 11.685100 -1.549500 LS.1I4300 2.061600 19.167200 
59 51253.306250 11.686800 -1.549200 15.113800 2.063300 19.167900 
60 51253.312500 11.685100 -1.549500 15.114300 2.061600 19.167200 
61 51260.306250 11.684600 -1.550400 15.114200 2.060900 19.167000 
62 51260.312500 11.684400 -1.552400 15.114600 2.0.19700 19.167300 
63 51266.306250 11.685800 -1.549400 15.112700 2.062800 19.166500 
61 51266.312500 11.683500 -1.548900 1.';.113700 2.060800 19.165800 
65 51275.3062.10 11.686800 -1.547900 15.112300 2.064400 19.166600 
66 51275.312500 11.681600 -1.549700 15.114200 2.061100 19.166900 
67 .1 1287 .306250 11.684700 -1.550700 15.113700 2.060900 19.166600 
68 51287.312.100 11.684000 -1.550100 15.1I4lO0 2.060400 19.166500 
69 51297.306250 11.685500 -1.547800 15.113500 2.062900 19.168800 
70 51297.312500 11.683.100 -1.548600 15.115200 2.060200 19.166900 
71 51311.3062.10 11.683900 -1 . .150500 15.114000 2.060300 19.166400 
72 51323.306250 11.683100 -1.549900 15.114400 2.059700 19.166200 
73 51336.306250 11.683900 -1.549300 15.114500 2.060500 19.166600 
74 .~ 1341.10fi'2.S0 11.flR4xfl(1 -1 . .'i4Cj(lnO 1.~.114700 ';JJlfiOCj(j[j lQ.lfi7fiOO 
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Appendix G 

Footprint Error Ellipses 

A B 

H H 

RUS MAG 

c o 

H H 

411 413 

Figure G.l: Error ellipses, April 1997. (A) RUS, (8) MAG, (C) 411, (0 ) 413. Bar 
scale tick = 1 nun . Horizontal and vertical error (la) 
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APPENDIX G. FOOTPRINT ERROR ELLIPSES 
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Figure C.2: Error ellipses, April 1997. (E) POT, (F) BRO, (C) B44, (H) 414. Bar 
scale tick = 1 mm. Horizontal and vertical error (10) 
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Figure G .3: Error ellipses , April 1997. (I) 415 , (J) SYF, (K) LYT, (L) TWE. Bar 
scale ti ck = 1 mm. Horizontal and vertical error (10') 
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A 

411 

Figure G.4: Error ellipses, inner network September 1997. (A) 411, (B) 413, (C) 
B44.Bar scale tick = 1 mm. Horizontal and vertical error (la) 
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H 

Figure C.5: Error ellipses, inner network September 1997. (0) 414, (E) 415. Bar 
scale tick = 1 mm. Horizontal and vertical error (10") 
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A B 
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Figure G.6: Error ellipses, inner network January 1998. (A) 413, (B) 414, (c) 415, 
(D) B44 . Bar scale tick = 1 mm . Horizontal and vertical error (l0") 
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E 
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411 

Figure G.7: Error ellipse, inner network January 1998. (E) 411. Bar scale tick = 1 
m m. Horizon tal and vertical error (1 (J) 
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c 
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413 

Figure G.8: Error ellipses, inner network April 1998. (A) 411, (B) 414, (C) 413. 
Bar scale tick = 0.1 mm. Horizontal and vertical error (10") 
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Figure G .g: Error ellipses, inner network April 1998. (0) 415 , (E) 844, (F) SLR. 
Bar scale tick = 0.1 mm. Horizontal and vertical error (10) 
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Figure G.1D: Error ellipses , inner/intermediate network July 1998. (A) BRO, (B) 
MAG, (C) SLR, (0) SYF. Bar scale tick = 1 mm. Horizontal and vertical error (la) 
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TWE 

Figure G.ll: Error ellipses, intermediate network July 1998. (E) TWE. Bar scale 
tick = 1 rnrn. Horizontal and vertical error (la) 
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A B 
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Figure C.12: Error ellipses, inner network June 1999. (A) 411, (B) 413, (C) 414, 
(0) 415. Bar scale tick = 1 mm. Horizontal and vertical error (10-) 
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E F 
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Figure G.13: Error ellipses, inner network June 1999. (E) 415, (F) 844, (G) SLR. 
Bar scale tick = 1 mm. Horizontal and vertical error (l0") 
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Figure I.2: NTM results based on thermal expansion of a 200 metre diameter hill, 
coefficient of expansion set to 1 x 10-5 . The slope distance variation is unrealistically 
large. 
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Figure 1.3: NTM results based on thermal expansion of a 200 metre diameter hill, 
coefficient of expansion set to 1 x 10-6

, Peak to peak amplitude of slope distance 
variation is approximately 5 mm when scaled to a 1000 metre diameter hill. 
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Figure 1.4: NTM based on thermal expansion of a 200 metre diameter hill, coefficient 
of expansion set to 1 x 10-7

. The slope distance variation signal is lost in the noise 
generated by the blocky hill structure. 




