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a 95% confidence interval required sample sizes rang-
ing from 2 replications for the soil having a clay con-
tent of 48% (Soil 6, Table 1), to 29 replications for the
soil with a clay content of 22% (Soil 3, Table 1). Coef-
ficients of variation generally were larger for calculated
parameters of Vs and SL, and lower for W{ and R.
The multiparameter equations used to calculate VS
and SL resulted in greater coefficients of variance due
to contribution from each parameter on the variance
of the mean; W{ is a single measured parameter and
R has only two measured parameters, resulting in
smaller coefficients of variance for the mean of both
parameters.

The most subjective step in the procedure was add-
ing sufficient water to fill the soil voids completely,
but at the same time keeping the soil pasty enough to
be readily worked into the shrinkage dish without in-
clusion of air bubbles. This approximates the plastic
limit of a soil, expressed as a percentage of the mass
of oven-dried soil, at the boundary between the plastic
and semisolid states (ASTM, 1971, p. 85-86).

Time requirements were similar for both methods
unless the soil pat broke into several pieces when being
removed from the shrinkage dish. When this occurred,
separate Hg immersions were required to obtain the
total volume of the original soil pat. Breakage was not
a problem with the silicone-coated particles, because
pieces of the entire pat could be immersed in one op-
eration. The silicone-mineral spirits technique is more
economical, particularly when a limited number of
samples are treated. Costs of materials for treating 300
samples with the silicone-mineral spirits mixture was
about one-third the costs for Hg immersion. Although
the Hg is reusable, it quickly becomes contaminated,
so it cannot be used for other purposes.

This alternative technique was developed because
of growing concern about hazards associated with us-
ing liquid Hg in the workplace. The use of a clear
silicone-mineral spirits mixture is not without some
concerns because it is combustible, can cause skin ir-
ritation on contact, and produces irritating vapors if
breathed. However, these effects are more easily coped
with than the toxic vapors produced by Hg. Handling
and storage of a heavy metal such as Hg should be
avoided when alternatives are available that reduce
the hazards to the worker and prevent accidental dis-
charge into the laboratory environment.
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Abstract
An evaluation of the suitability of a commercial long-range nav-

igation (LORAN-C) method to locate and determine mapping co-
ordinates of soil salinity sites was made in California field trials.
The LORAN-C-determined position was within 16 m of the true
position 90% of the time. This is sufficient accuracy to locate sam-
pling areas identified with Systeme Probatoire d'Obervation de la
Terre (SPOT) satellite imagery (pixel resolution of 30 m), but not
for locating smaller sampling areas, such as those identified in low-
altitude photographs. The LORAN-C method proved suitable for
producing regional salinity maps that could resolve soil-salinity dif-
ferences on a scale of 200 m.

SOIL SALINITY MAPS are needed to locate and in-
ventory salt-affected soils. Suitable maps do not

generally exist in the USA because practical ways to
measure soil salinity and to locate field measurement
(or monitoring) sites have not been available. Rapid,
portable instrumental techniques and geographic in-
formation systems (GIS) have been developed for
identifying classes of soil salinity within the landscape
(Rhoades, 1990; Rhoades et al., 1990; Corwin et al.
1988, 1989; Corwin and Rhoades, 1988). Research is
underway to couple these instrumental and GIS meth-
ods with remote imagery (both satellite and low-alti-
tude) to minimize sampling requirements and
maximize efficiency. For salinity mapping, measure-
ments acquired at sampling sites must be associated
with geographic position (x and y coordinates). Rapid
salinity assessment techniques also demand rapid
techniques for locating sample sites.

The LORAN-C system for locating and establishing
spatial coordinates of measurement sites in agricul-
tural lands was evaluated for its suitability for two
purposes: (i) locating the spatial coordinates of sam-
pling sites and (ii) locating sites with known coordi-
nates.
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LORAN is an acronym for LOng RAnge Naviga-
tion. The C refers to the present commercial version
of the LORAN system. Originally, this system was
developed for marine navigation; its use in aviation
is now common and expanding. LORAN presently
covers the coastal USA but will be extended to include
the midcontinental area as well by 1992. The LORAN-
C system utilizes fixed-base radio transmitters and
portable receivers that operate on a frequency of 100
kHz (low frequency, [LF] radio band). The LF radio
band is propagated by means of a ground wave that
follows the earth's surface. Hence, the technique can
be used in forested or mountainous lands where lo-
cation establishment by conventional survey methods
is difficult. Different types of terrain, power lines, and
mineral deposits affect the speed and direction and,
hence, the accuracy of the LORAN-C signal.

The transmitters (operated by the U.S. Coast Guard)
are organized into "chains" that provide signal cov-
erage for a certain geographical area. Each chain is
composed of one master station and up to four sec-
ondary stations. Each chain has a unique Group Rep-
etition Interval (GRI). The GRI is the time (in
microseconds) between sequences of signal pulses
transmitted from the master station. Each secondary
station transmits its own group of pulses with a spe-
cific, unique time interval called a coding delay.

The LORAN-C receiver is a precise time-difference
measuring device that processes the received infor-
mation from a triad of stations into a position fix. The
time difference (TD) measured is that occurring be-
tween the arrival of the radio signals from the master
and each of the secondary stations. All of the points
that have the same TD from the master and one sec-
ondary station when plotted on a chart are referred to
as a line of position (LOP). A second TD obtained from
the master and another secondary station is used to
develop a second LOP. The point where the two LOPs
intersect establishes the position of the receiver, since
those of the master and secondary stations are known.
The software of the receiver automatically processes
this information and displays the x and y coordinates
of the receiver position on the earth's surface in units
of latitude and longitude to the nearest 0.01 of a min-
ute (~60 feet or 18.5 m). Receivers are available for
less than $1000.

Materials and Methods
The suitability of LORAN-C was evaluated for two sal-

inity mapping purposes: (i) to locate sampling sites of desired
(prespecified) coordinates, and (ii) to determine the relative
positional coordinates of sampled sites.

An evaluation for the first purpose was undertaken in
March 1986 when conventional surveying techniques
proved too slow when using portable instrumental salinity-
measurement techniques. In this salinity-mapping project
(Rhoades et al, 1990) sampling maps of each square mile
of the area were prepared from aerial photographs. The dom-
inant features such as field boundaries, roads, and canals
were traced onto paper. Each map was divided into 64 equal
squares. The sampling location within each grid block (Fig.
1) was established using the Barry (stratified unaligned) pro-
cedure (Webster, 1985). The coordinates of each location
were tabulated. The values of these coordinates were cal-
culated from their offset distances from the horizontal con-
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Fig. 1. Schematic of Section 8 showing fields and sample sites laid
out using Barry (stratified unaligned) procedure (sample working
map).

trol marker located in Section 8 at the position marked by
® in Fig. 1. Figure 1 shows a sample map indicating field
boundaries and desired sample-site locations. Based on the
map and coordinate information, a LORAN-C receiver unit
(which had been calibrated over the horizontal marker of
known coordinates) was used to locate each site (see Fig. 2).
With this method, one man "navigated" from site to site,
almost as fast as he could walk, using the instrument's dis-
play of present position and knowledge of the coordinates
of the desired site.

To test the accuracy of this LORAN-C method, the co-
ordinates of these sites were also independently determined
using conventional survey equipment (a Zeiss1 Elta 46 Elec-
tronic DME Tacheometer and range poles equipped with
infrared reflectors). The position of each site was determined
using the information (angle and distance) obtained with the
tacheometer set up over a horizontal control marker and the
range pole situated over each sample site. The coordinates
were then calculated from knowledge of the coordinates of
the horizontal control marker and the angle and distance to
the site. A statistical comparison was made of the measured
coordinates for sites in Section 8 by the LORAN-C and con-
ventional survey methods. The coordinates determined by
the LORAN-C method were converted from latitude/lon-
gitude units to English units of feet (based on California State
Plane Coordinate System) to facilitate comparison with the
conventional-survey results.

We evaluated The LORAN-C system for determining the
relative positions of field sampling sites in May 1989 as a
part of a second mapping project. The major objective of
this study was to use aerial photography and SPOT satellite
imagery to minimize the sampling requirements for mapping
soil salinity. For this purpose, repeatability of position de-
termination was more relevant than absolute accuracy. This
study involved four 16-ha fields. Large plastic sheets were
placed on the ground in the corners of each of the fields to
serve as horizontal control markers for both imagery and
the field surveying techniques. Field data were collected at

1 The citation of particular products is for the convenience of the
reader and does not imply any particular endorsement by the USDA
or its agents.
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Fig. 2. Antenna, battery pack, and meter for establishing location
on the landscape using the LORAN-C technique.

sites located within these fields at the intersections of a 25
by 25 m grid. Site positions relative to the control markers
were measured using the angles/distances from the tacheo-
meter station placed near the field center. Corresponding
measurements were also made using the LORAN-C receiver
placed over each site and control marker.

The LORAN and theodolite measurements were con-
verted into relative x and y coordinates for each field, with
the positive y axis designated north. The following linear
regressions were then fit:

jc, = BO + B\ (xt) + B2(y,), [la]
j\ = 00 + C100 + C2 (K), [Ib]

where x\ and y, are the relative x and y LORAN coordinates
and A:, and y, are the theodolite coordinates. This model
adjusted for systematic displacement in the x and/or y co-
ordinates as determined by the two different methods. The
residuals from Eq. [la] and [Ib] were converted into distance
errors using the following formula:

de, = (ex,2 + ey,2)1/2, [2]
where ex, and ey; represent the observed residual error, in
meters, of the /th sample site for Eq. [la] and [Ib], respec-
tively, and de, represents the final distance error for the rth
sample site, also in meters. These distance errors were then
averaged to provide an estimate of the mean distance error
between the two location-measurement systems. This error
represents a best-case scenario, since the average x and y
displacement errors were intrinsically minimized by the
regression equation. The results obtained in this way may
give a somewhat optimistic estimate of the true average
error.

The LORAN-C receiver used in both studies was an
Avenger IV model 524 (II Morrow, Salem, OR). It was worn
using a shoulder harness and a battery pack, and was coupled
to a hand-held whip antenna/grounding rod (Fig. 2). Since

this study was undertaken, portable receivers with self-con-
tained rechargeable batteries and antennas have become
available. The equipment we used was quite satisfactory,
convenient, and practical.

Results and Discussion
To evaluate how effectively sites of preestablished

true positions could be located with the LORAN-C
method, 37 sites with prespecified map coordinates
were located using the LORAN-C receiver. The actual
coordinates of these sites were then measured using
the tacheometer. The relative correspondence of the
two measurements was good, as described later, with
a tendency for the LORAN-C method to be slightly
biased toward the southeast from the true position.
This occurred because the first site located with the
LORAN-C receiver (the one essentially in the center
of Fig. 1) was approached from the southeast. As soon
as the receiver acquired the desired site, within its limit
of sensitivity (0.01'), the desired latitude and longitude
were displayed. At such time, the location was staked.
This bias was then extended systematically to the sub-
sequent positions, more or less, depending on the di-
rection from which each site was approached.

As shown in Table 1, the positions of the sampling
sites located with the LORAN-C receiver were gen-
erally within 20 m (~60 feet) of the true positions.
This accuracy was suitable for this regional mapping
project, since the scale of salinity variation was large
compared with the degree of location uncertainty. This
is clearly seen in Fig. 3, which shows the contoured
soil-salinity map obtained for the project area. The
data are presented on a 400-m grid basis to minimize
"clutter". This regional salinity pattern was, obvious-
ly, unaffected by the slight (~20-m) positioning errors
of the LORAN-C system.

Additional statistical analysis of these data (not
shown) showed that the difference in x direction was
correlated with the difference in y direction (r = 0.76).
The data also suggested that high-tension power lines
along the margins of Section 8 affected some readings.
Time-trend analysis showed no significant diurnal
trend in LORAN-C position measurements (the data
were collected for 2 d). Sequence-of-measurement ef-
fects, aside from the direction-of-approach effect pre-
viously discussed, were also nonsignificant. The
statistics further showed that the LORAN and theo-
dolite locations were within 11 m of each other, on
the average, for this field.

The repeatability of position location obtained by
the LORAN-C method was evaluated in more detail
in the second study involving the four separate fields.
The second study objective was to evaluate the ade-
quacy of the LORAN-C method for establishing the
relative coordinates of sampling sites within the fields.
The average distance relative error of the LORAN-C
method, vs. the more time consuming tacheometer-
survey technique, was determined statistically as de-
scribed above.

The computed distance residuals for each of the four
fields and for the combined data are given in Table 2.
The mean distance error between the four fields ranged
from 7.5 to 11.9 m and was 9.6 m for the combined
data.
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Table 1. Comparison of site coordinates, as established by LORAN-C and theodolite-survey methods, for Section 8.
LORAN Theodolite Difference

Site
1. 08-04-05
2. 08-04-06
3. 08-04-07
4. 08-03-07
5. 08-03-08
6. 08-05-08
7. 08-06-08
8. 08-06-07
9. 08-05-07
10. 08-05-06
11.08-05-05
12. 08-06-04
13. 08-06-03
14. 08-07-03
15. 08-07-04
16. 08-08-02
17. 08-08-03
18. 08-08-04
19. 08-08-05
20. 08-07-05
21. 08-08-06
22. 08-08-07
23. 08-08-08
24. 08-07-08
25. 08-07-07
26. 08-07-06
27. 08-06-05
28. 08-06-06
29. 08-03-05
30. 08-03-06
31. 08-02-05
32. 08-01-05
33. 08-02-06
34. 08-04-08
35. 08-01-08
36. 08-01-07
37. 08-02-07

X

1 757 035
1 757 682
1 758 330
1 758 380
1 759 028
1 759 327
1 759 377
1 758 779
1 758 679
1 758 031
1 757 383
1 756 785
1 756 138
1 755 689
1 756 337
1 754 991
1 755 639
1 756 287
1 756 935
1 756 985
1 757 633
1 758 231
1 758 928
1 758 978
1 758 330
1 757 682
1 757 483
1 758 131
1 757 035
1 757 682
1 757 483
1 757 433
1758031
1 759 028
1 759 377
1 758 729
1 758 779

y
317998
317696
317575
316912
316 972
318239
318 902
318842
318 179
318299
318661
318 963
319 144
319 807319626
320 230
320471
320 290
320652
319 988
320 290
320 170
320 230
319 566
319 506
319626
319325
318 963
317 334
316 972
316671
316007
316 188
317575
315 645
315 585
316248

X

1 757 021
1 757 639
1 758 270
1 758 337
1 758 944
1 759 251
1 759 287
1 758 723
1 758 666
1 758 037
1 757 349
1 756 728
1 756 090
1 755 688
1 756 313
1 755 023
1 755 671
1 756 317
1 756 955
1 756 972
1 757 644
1 758 239
1 758 934
1 758 961
1 758 294
1 757 669
1 757 457
1 758 109
1 757 070
1 757 664
1 757481
1 757 404
1 758 010
1 758 974
1 759 366
1 758 670
1 758 731

y
318 026
317 687
317 523
316 874
316 940
318 184
318 862
318 799
318 206
318 290
318 669
318 926
319 135
319865
319 628
320 271
320 549
320 350
320691
320 028
320331
320217
320 283
319 584
319521
319636
319331
318970
317 428
317062
316 744
316 058
316293
317 592
315 676
315 590
316 247

X
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Fig. 3. Contour map of measured surface soil salinities (ECe in dS/m); 400-m grid basis.
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Table 2. Computed distance vector summary statistics for the four-
field comparison of coordinates obtained by the LORAN-C and
theodolite-survey methods.

North:
East (Dist.):

Quantiles (%):
5

10
25
50
75
90
95

S2A
210

11.89

3.49
4.95
7.77

11.56
15.52
18.79
22.20

S2B
195
8.47

2.02
3.08
5.12
8.83

11.63
13.70
15.22

Field
S7C
195

10.01

2.59
3.86
6.06
9.04

12.65
15.48
21.39

S9X
168
7.53

2.23
3.20
5.05
7.29
9.99

12.75
13.49

All
768
9.59

2.57
3.51
5.86
9.04

12.67
15.70
18.67

t All numbers represent the computed distance-error vectors (in meters).

Table 2 also lists quantile statistics for each field
separately and for the combined data set. In the pooled
data set, 5% of the sample sites had LORAN-C loca-
tions within 2.57 m of the tacheometer locations; 50%
of the LORAN locations were within 9.04 m and 90%
were within 15.7 m.

In the latter project where the sampling grid was 25
m, the estimated uncertainty of 10 m was too large
for detailed, small-scale soil salinity mapping.

Conclusions
The LORAN-C method for locating or measuring

sample-site position is practical and suitable for de-
lineating regional patterns of soil salinity, where sam-

pling intensity is of the order of 200 to 400 m, but is
too inaccurate for field-scale (~25—m) mapping. On
the other hand, the LORAN-C method may be suitable
for sample-site location when comparing ground truth
for use with SPOT satellite imagery (30-m pixel res-
olution). Of course, this necessitates using a less ac-
curate and wider spaced sampling grid over a larger
area of land.

In conclusion, the suitability of the LORAN-C
method for sample-site location depends on the scale
of observation. The technique and equipment are sim-
ple and practical and have potential for various soil-
survey applications.
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