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Abstract 
 

The Landsat-1 second stage Delta rocket was the second among several such 
rocket bodies to have exploded following the successful mission in placing its 
payload in orbit. The assessed cause of each of these explosions was the ignition 
of residual propellants left in the rocket bodies. In this study, we examine the 
Landsat-1 rocket body explosion using theory and computations. The Gabbard 
diagram of the fragments departed significantly from the inclined ‘X’ shape for 
those of circular orbits due to the small eccentricity of the parent satellite and 
orbital drag. The shape of the Gabbard diagram with a ‘cavity’ in the middle 
indicated that the fragmentation took place midways between the apogee and 
perigee. The scatterplots of the velocity perturbation components in three 
mutually perpendicular planes indicated that the rocket body likely exploded in 
the Octant model of exploding tanks. The largest remnant of exploded rocket 
suffered unusually large velocity perturbations in all three directions. A 
noticeably large concentration of fragments on the opposite side of the parent 
RB suggests that there was a possible recoil effect between these fragments and 
the largest remnant. The angular distribution of the fragments in a cylindrical 
projection map substantiates this finding. 

 

INTRODUCTION 

Within a span of eight years between 1973 and 1981, no fewer than seven Delta second 
stage rocket bodies (RB) had exploded in low-Earth orbit at various intervals following 
the successful performance of their missions. The explosion of Landsat-1 second stage 
RB (International Designator 1972-58B; U.S. Satellite Number 6127) was the second 
of these events which took place at 1827 GMT on 22 May 1975 over southern Indian 
Ocean. The assessed cause of each of these explosions was the ignition of residual 
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propellants left in the rocket bodies. Corrective actions were implemented in the 
aftermath of venting out the residual propellants upon completion of the mission. Initial 
studies of these explosions had been reported [1 – 3]. In this paper, we re-examine the 
Landsat-1 RB explosion by (1) examining the Gabbard diagram of the orbits of the 
fragments produced; and (2) calculating and analyzing the magnitudes and directions 
of the fragment velocities. The method of Badhwar, et al. [4] is used for the latter 
purpose. The event location and relevant data are taken from History of on-orbit 
Satellite Fragmentations [5]. The data for the orbital elements of the fragments are 
taken from Space-track.org [6]. 

 

GABBARD DIAGRAM OF THE FRAGMENTS 

The Gabbard diagram is one of the earliest tools to investigate a satellite fragmentation 
in orbit. It is a plot of the apogee and perigee heights, hA and hP, respectively, of the 
fragments as functions of their periods, P. For a satellite having semi-major axis a and 
eccentricity e, the apsidal heights are given by 

                                            ℎ𝐴 = 𝑎(1 + 𝑒) − 𝑟⊕                                                            (1) 

and                                      ℎ𝑃 = 𝑎(1 − 𝑒) − 𝑟⊕                                                            (2) 

where r⊕ is the reference radius of the Earth, and 

                                                   𝑎 = √
𝐺𝑀

𝑛2

3
                                                                       (3) 

Is the semi-major axis, GM the gravitational parameter of the Earth and n the mean 
motion of the satellite. The period, by definition is, P = 2π/n. 

 

The Gabbard diagram has distinguishing patterns depending upon the eccentricity of 
the fragmenting satellite’s orbit and its true anomaly at the point of fragmentation which 
therefore can shed light regarding the fragmentation. Various classes of Gabbard 
diagrams are found in the literature [7].  

 

VELOCITY PERTURBATIONS OF THE FRAGMENTS 

The second and more important tool to analyze a satellite fragmentation event consists 
of calculating the velocity perturbations of the fragments from their orbital elements. 
Exact solutions of the three orthogonal components of the velocity perturbation of a 
fragment in the radial, down-range and cross-range directions of the parent satellite 
denoted by dvr, dvd and dvx, respectively, were obtained [4] as follows: 

                                𝑑𝑣𝑟 = ±√𝜇 (
2

𝑟
−

1

𝑎′
) −

𝜇𝑎′

𝑟2
(1 − 𝑒′2) − 𝑣𝑟                                 (4) 

                                       𝑑𝑣𝑑 =
𝑐𝑜𝑠𝜁

𝑟
√𝜇𝑎′(1 − 𝑒′2) − 𝑣𝑑                                          (5)                     
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and                                      𝑑𝑣𝑥 =
𝑠𝑖𝑛𝜁

𝑟
√𝜇𝑎′(1 − 𝑒′2)                                               (6)   

where vr and vd are respectively the radial and down-range components of the velocity 
of the parent satellite at the point of fragmentation; 𝑎′ and 𝑒′ are respectively the semi-
major axis and eccentricity of the fragment’s orbit; and r is the radial distance of the 
fragmentation point from the centre of the Earth. The plane-change angle of the 
fragment’s orbit is 

                               𝜁 = ±𝑐𝑜𝑠−1 𝑐𝑜𝑠𝑖𝑐𝑜𝑠𝑖′+√(𝑐𝑜𝑠2𝜆−𝑐𝑜𝑠2𝑖)(𝑐𝑜𝑠2𝜆−𝑐𝑜𝑠2𝑖′)

𝑐𝑜𝑠2𝜆
                        (7) 

where i and 𝑖′ are the respective inclinations of the parent and fragment’s orbits, 
respectively and  𝜆  is the latitude of the fragmentation point. In Eq. (4), the + and – 
signs correspond to the ascending and descending modes of the fragment, respectively; 
and in Eq. (7), the + sign corresponds to 𝑖′ > 𝑖 and the – sign corresponds to 𝑖′ < 𝑖 on 
the northbound orbits with the opposite sense on the southbound orbits [4]. 

 

RESULTS 

The fragmentation of Landsat-1 RB took place on 22 May (Day 143) 1975 at 18:27 
GMT above south-west Indian Ocean at 34oS latitude and 46oE longitude [5]. This was 
the second Delta upper stage to experience breakup in orbit, after the NOAA-3 upper 
stage in 1973. The event occurred 34 months after successful deployment of the 
Landsat-1 payload [5]. The pre-event orbital elements data of the fragmenting RB were 
of Day 142 of 1973 [6]. In accordance with the latter, the satellite had inclination of i = 
98.3439o; eccentricity e = .0193108; and mean motion n = 14.36209995 rev/day. The 
data for the satellite yield: P = 100.2638893 min; a = 7,149.188234 km; ha = 909.09978 
km; hp = 632.98669 km;  vd = 7,508.624696 km/s; and vr = -138.4475 05 m/s. The data 
for the orbital elements of the fragments are taken from Space-track.org [6]. Altogether 
114 fragments including the largest remnant and catalogued through Day 229 of 1975 
were taken into consideration. Fragments catalogued subsequently (after February 
1976) were ignored because Landsat-2 RB had fragmented by then in the same vicinity 
of altitude and inclination and there was the possibility of cross-cataloguing between 
the Landsat-1 and Landsat-2 RBs. 

Fig. 1 is the Gabbard diagram of the 114 fragments of Landsat-1 RB, including the 
largest remnant. Since the orbit of the rocket body prior to fragmentation was slightly 
eccentric (as indicated by e, ha and hp), the Gabbard diagram departed from the classical 
‘X’ form for circular orbits. Firstly, the perigee line on the right side of the inclined ‘X’ 
had a small slope from the horizontal. Secondly, left side of the ‘X’ had degenerated 
into the ‘claw’ shape due to drag effects. Even though the fragmentation took place at 
730 km altitude, the retrograde dvd’s suffered by the fragments on the left side had 
evidently lowered the perigee heights substantially to have caused this effect. Finally, 
there is a discernible ‘cavity’ devoid of fragments around the intersection point of the 
two arms of the ‘X’ which occurs when the fragmentation altitude (730 km in this case) 
is about midways between ha and hp (909 km and 633 km, respectively, in this case). 
This happens for low eccentricity fragmenting satellites, since there is greater 
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probability of enhancement, than of diminution, of eccentricities of the fragments 
produced. 

 
Fig. 1. Gabbard diagram of fragments of Landsat-1 RB. 
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Fig. 2. Frequency distributions of the velocity perturbations of the fragments of 
Landsat-1 RB. 

The velocity perturbations of the Landsat-1 RB fragments, including those of the largest 
remnant, were calculated using Eqs. (4) – (7). The frequency distributions of dvd, dvx, 
dvr  and dv of the fragments are shown in Fig. 2, together with thier fitted curves. The 
distributions of dvd, dvx and dvr  are by and large Gaussian. The distribution of dvd is 
shifted in the forward direction, which could imply that fragments with retrograde 
down-range velocity perturbations had selectively deorbited. The dvx distribution, on 
the other hand, is shifted in the negative direction, which means that looking vertically 
down the horizontal plane, more fragments headed to the right of the parent satellite’s 
motion. Both of these displacements were in the opposite direction of the largest 
remnant (dvd = -95.789 m/s; dvx = 28.405 m/s). The inference drawn would be that the 
largest remnant had to have a considerable mass to oppose a large number of fragments. 
The distribution of dv is nearly exponential, similar to that of the NOAA-3 RB 
fragments [8] and in contrast to the beta distribution found in an earlier study [4].  

The scatterplots of velocity perturbation components of the Landsat-1 RB fragments 
(including the largest remnant) are shown in three mutually perpendicular planes in Fig. 
3: (1)  
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Fig. 3. Scatterplots of the velocity perturbation components of Landsat-1 RB 

fragments. 
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In the horizontal plane, viewed from vertically below; (2) In a vertical plane containing 
the momentum of the parent; and (3) In another vertical plane containing the angular 
momentum of the parent. The numbers of fragments in each quadrant of the three planes 
are also marked. Conspicuously, the largest remnant (which inherits the satellite 
number of the parent RB) suffered significant displacements from its fragmenting 
location (the origin). Significantly too, it is generally found in the quadrant opposite to 
that containing the largest (first two plots) or the second largest (third plot) number of 
fragments. This explains the large velocity perturbations suffered by the largest 
remnant. Overall the pattern of the fragments is roughly isotropic with an abundance of 
fragments with small velocity deviations surrounding the origin. The first part of the 
statement meant that the Landsat-1 RB most likely fragmented in the Octant Model of 
fragmenting tanks in the PISCES Model [9]; and the last part of the statement explains 
the exponential distribution of the total velocity perturbations dv of the fragments in 
Fig. 2. This is consistent with the explosive fragmentation of the NOAA-3 RB [8] as 
opposed to an earlier study [4]. 

 

Table I. Orbital Elements Change and Velocity Perturbations of Fragments 

Fragments 
with a’ > a1 

Fragments 
with a’ < a1 

Fragments 
with i’ > i2 

Fragments 
with i’ < i2 

Fragments 
with e’ > e3 

Fragments 
with e’ < e3 

77 37 37 77 71 43 

Fragments 
with dvd > 0 

Fragments 
with dvd < 0 

Fragments 
with dvx > 0 

Fragments 
with dvx < 0 

Fragments 
with dvr > 0 

Fragments 
with dvr < 0 

76 38 37 77 61 53 

1a = 7149.188 km 2i =  98.3439o 3e = .019308 
 

Table I shows the numbers of fragments which gained or lost energy (a’ > a or a’ < a), 
suffered inclination changes (i’ > i or i’ < i), or eccentricity changes (e’ > e or e’ < e). 
Also shown in the Table I are the numbers of fragments suffering positive and negative 
velocity perturbations in the down-range, cross-range and radial directions. The very 
significant correlations between the two sets of numbers can be explained as follows. 
For a nearly circular orbit (e ≈ 0), it was shown that [8]: 

                                        𝑑𝑎 ≈
2

𝑛
𝑑𝑣𝑑                                                                         (8) 

                                        𝑑𝑖 ≈
𝑐𝑜𝑠𝑢

𝑛𝑎
𝑑𝑣𝑥                                                                      (9) 

and                                  𝑑𝑒 ≈
𝑠𝑖𝑛𝜃

𝑛𝑎
𝑑𝑣𝑟                                                                     (10) 

Stated in words, dvd, dvx and dvr were highly correlated with da, di and de, respectively. 
The less than perfect correlation in this case, especially between dvr and de, is because 
the parent RB had a slight eccentricity, and also due to the possibility that several 
fragments with positive dvr may well have de-orbited. 
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Fig. 4 gives a three-dimensional perspective of the dvd, dvx and dvr  of the fragments in 
the local right-handed system of coordinates. The locations of the parent satellite at 
fragmentation and its largest remnant are marked in the figure.  
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Fig. 4. Three-dimensional scatterplot of velocity perturbation components of Landsat-
1 RB fragments. 

 

The first location, by definition, is the origin of the coordinate system. The significantly 
large displacement of the largest fragment from the origin implies that it had suffered 
an unusually high velocity perturbation. A noticeably large concentration of fragments 
on the opposite side of the parent RB suggests that there was a possible recoil effect 
between these fragments and the largest remnant. A general slope of the fragments 
towards the positive dvd and negative dvx directions is consistent with fragment counts 
of Table I. 

Lastly, we analyze the angular distribution of the Landsat-1 RB fragments. In the local 
coordinated system, the latitude λ and longitude ϕ of a fragment are given by: 
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                                       𝜆 = 𝑠𝑖𝑛−1 𝑑𝑣𝑟

𝑑𝑣
                                                                         (11) 

and                            𝜙 = 𝑡𝑎𝑛−1 𝑑𝑣𝑥

𝑑𝑣𝑑
+ 𝑛𝜋                                                                   (12) 

where  n = 0 if  dvd > 0;  n = 1 if  dvd < 0  and  dvx > 0; and  n = −1 if  dvd < 0  and  dvx 
< 0. 

 

The angular coordinates of the fragments are calculated in accordance with Eqs. (11) 
and (12) and plotted on a Lambert’s equidistant cylindrical projection map (Fig. 5). 

 

 
Fig. 5. Angular distribution of fragments of Landsat-1 RB in local frame of reference 

of the fragmenting parent. 

 

 In that map, the latitudes and longitudes are equally spaced. The octants of space are 
marked together with the number of fragments contained in each octant. The 
distribution of the fragments were highest in Octants IV and VIII and lowest in Octants 
I, II and VI. The largest remnant is found in Octant II, one with the fewest fragments, 
which is diametrically opposite to Octant VIII, one with a large concentration of 
fragments. Their locations support the suggested recoil effects between the largest 
remnant and a large number of fragments in Octant VIII. 
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DISCUSSION 

The explosive fragmentation of the Landsat-1 second stage Delta RB is now analyzed 
using exact solutions of the fragments’ velocity perturbations. Like the NOAA-3 
second stage RB fragmentation before it, the roughly Gaussian distribution of the 
fragments suggests its fragmentation of the RB in the Octant model of the PISCES 
Code. Unlike the NOAA-3 RB fragmentation, however, the largest remnant of the 
Landsat-1 RB suffered an unusually large velocity perturbation, which was opposed by 
the recoil of a large number of fragments found in the diametrically opposite octant of 
space. It will be interesting to investigate the other Delta stages to have fragmented in 
orbit for comparison and fuller understanding of the explosive fragmentation of rocket 
bodies. It will also be instructive to compare with other modes of fragmentation, such 
as hyper-velocity collision in space [10]. 

 

REFERENCES 

[1] R. Dasenbrock, B. Kaufman & W. Heard, Dynamics of Satellite disintegrations, 
NRL Rept. 7964 (1976). 

[2] J.R. Gabbard, Explosion of Satellite 10704 and other Delta second stage 
rockets, NORAD/ADCOM Tech. Memo. 81-5 (1981). 

[3] C.S. Gumpel, Investigation of Delta second stage on-orbit explosions, MDC 

Rept. H0047 (1982). 
[4] G.D. Badhwar, A. Tan, & R.C. Reynolds, Velocity Perturbations Distributions 

in the Breakup of Artificial Satellites, J. Spacecr. Rockets, 27, 299-305 
(1990). 

[5] N.L. Johnson, E. Stansbery, D.O. Whitlock, K.J. Abercromby & D. Shoots, 
History of  on-orbit Satellite Fragmentations, NASA/TM-2008-214779 
(2008). 

[6] https://www.space-track.org/perl/id_query.pl   
[7] N.L. Johnson & D.S. McKnight, Artificial Space Debris, Orbit Books, Malabar 

(1987). 
[8] A. Tan, A. Alomari & M. Schamschula, Analysis of the NOAA-3 rocket 

fragmentation in orbit using theory and computations, Int. J. Aerospace Sci. 

Applications, 7, 1 (2017). 
[9] W. Pohl, M.J.V.D. Hoek, J.P. Buis, C.J.L. Florie, S.L. Hancock, P.H.L. 

Groenenborn, D.J.E. Hesselink & P.J.J. Schaffers, The PISCES Software for 
Defence, PISCES  International B.V., The Netherlands (1984). 

[10] A. Tan, F. Allahdadi, S. Maethner & D. Winter, Satellite Fragmentation: 
Explosion vs. Collision, Orb. Debris. Mon., 6(2), 8 (1993). 

https://www.space-track.org/perl/id_query.pl

