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GEOLOGY AND ORIGIN OF THE CHILEAN NITRATE DEPOSITS

By GEeorce

ABSTRACT

The unique nitrate-rich caliche deposits in the Atacama
Desert of northern Chile owe their existence to an environ-
ment favorable to accumulation and preservation of the de-
posits, rather than to any unusual source of the saline
materials. The essential conditions are: (1) extremely arid
climate similar to that of the present-day Atacama Desert;
(2) slow accumulation during late Tertiary and Quaternary
time; and (8) paucity of nitrate-utilizing plants and soil
microorganisms. The wide distribution of the deposits without
systematic relationship to topography or rock type can be
explained only by atmospheric transport and deposition. The
saline constituents are chiefly those that have been found
widely in the atmosphere in other parts of the world; in the
nearly rainless Atacama Desert they have accumulated at or
near the sites of the deposits chiefly as dry fallout and as
solutions in condensate droplets from low clouds or fogs and
dew prevalent during the winter. These saline materials were
later leached, redistributed, and enriched in the highly solu-
ble components, such as nitrate, at deeper soil levels and in
soils on lower hillsides by fog condensate and water from
infrequent rains. Ore-grade nitrate deposits evidently formed
in three ways: (1) slow accumulation on old land surfaces
that have had little or no modification since the Miocene;
(2) accumulation on lower hillsides and at breaks in slopes
as the result of leaching and redeposition by rainwater; and
(3) accumulation in saltpans and saline ponds.

Although some of the saline materials in the nitrate de-
posits may have come from distant sources, I believe that
most were from local sources, chiefly spray and evaporation
from the nearby Pacific Ocean and from volcanic emissions
in the nearby Andes Mountains. The nutrient-rich Humboldt
Current may have been a major source of ammonia, oxides
of nitrogen, and iodine, which were transformed to nitrate
(NO;") and iodate (I0;) by photochemical reactions, par-
ticularly ozone reactions, in the lower atmosphere and at soil
surfaces. Similar reactions may have transformed chloride
to perchlorate ( CIO;). an ubiquitous minor constituent of
the nitrate ore. The soils of the nitrate fields, though having
an extremely low level of biological activity, do have popula-
tions of microorganisms capable of nitrogen fixation, nitrifica-
tion, and ammonification. These organisms may have con-
tributed to the formation of some of the nitrate, particularly
in near-surface soils where condensate from winter fogs is
sufficient to support growths of blue-green algae and other
microorganisms. Chloride and sulfate, which together with
nitrate are the dominant anions of the nitrate deposits, also
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are chiefly of oceanic origin, but significant amounts may
have been supplied during times of intense volcanism in the
nearby Andes. The principal cations, sodium, potassium, mag-
nesium, and caleium, were supplied by sea spray, by wind-
blown dust from saline soils and playas in the Atacama
Desert, and by volcanic emissions in the Andes. Small
amounts of these cations and widespread trace amounts of
chromate (CrO.,?) may have been derived by chemical
weathering of soils and rocks in the nitrate fields. Boron,
which is a widespread minor element, is of volcanic origin.

INTRODUCTION

The origin of the Chilean nitrate deposits has
been a recurrent subject of discussion for more
than 100 years, but none of the many theories pro-
posed has found general acceptance. The prolifera-
tion of theories has been chiefly the result of three
factors: (1) a scarcity of accurate geological de-
scriptions of the deposits; (2) a tendency on the
part of some authors to ignore geological data that
would make their theories untenable; and (3) scar-
city of information about processes that might form
or supply large quantities of nitrate in a desert en-
vironment. Disagreement about the origin has per-
sisted, as is shown by different theories published
since 1960: (1) Mueller (1960, 1968) reproposed
the theory of Singewald and Miller (1916) that
postulates accumulation by capillary migration and
evaporation of ground water at the margins of
salars !; (2) Wetzel (1961) reaffirmed his proposal,
published in several reports (for example, Wetzel,
1932), that the deposits accumulated as saline-rich
mudflows; (3) Fiestas (1966) reaffirmed his proposal
(Fiestas, 1922) that the saline components were
formed by reaction of clouds of volcanic acids with
the rocks and soils of the nitrate fields; and (4)
Claridge and Campbell (1968) and Ericksen (1975,
1979) proposed the deposition of atmospheric saline
materials at or near the sites of the deposits.

1 Saltpans or salt-encrusted playas are called ‘‘salars” in Chile and

neighboring countries. a usage followed in this report.



The single most important factor in the accumula-
tion of the nitrate deposits in the Atacama Desert
has been the exceptional long-term aridity of this
region. As will be shown, the region has been a
desert at least since the middle Tertiary, and some
of its landforms may date from early Tertiary.
Nitrate-rich soils occur locally in some of the other
deserts of the world, but the presence of widespread
exploitable nitrate deposits is unique to the Atacama
Desert. This special feature of the Atacama Desert
undoubtedly reflects the long period of time available
for accumulation of the deposits. In contrast, nitrate
deposits that might have formed in other deserts
during intervals of extreme aridity would have
tended to be destroyed during intervals of increased
rainfall.

This report will show that the Chilean nitrate de-
posits probably formed by slow accumulation of the
saline components by deposition from the atmos-
phere of materials from diverse sources. However,
local rather than distant sources predominated, and
among these, the nearby ocean was probably the
most important. Emanations and rocks from wide-
spread volcanism in the northern Chilean Andes
Mountains were also important sources of some
saline components. Photochemical reactions in the
atmosphere probably played a role in the formation
of nitrate, sulfate, iodate, and perchlorate, all of
which are constituents of the deposits.

LOCATION

The nitrate deposits are in the Atacama Desert of
northern Chile, which lies west of the Andes Moun-
tains and which is said to be the driest desert of the
world. Most of the deposits are in the two northern-
most provinces of Tarapacid and Antofagasta (fig.
1). During the heyday of the nitrate industry, in the
latter part of the 19th century and early part of the
20th century, the nitrate deposits were exploited in
five major centers or districts (fig. 1): Tarapaca,
Tocopilla, Baquedano, Aguas Blancas, and Taltal.

Most of the commercial nitrate deposits are along
the eastern side of the Coastal Range, in a band
generally ranging from a few kilometers to about
30 km in width, between long 69°30’ W. and 70° W.
(fig. 1). They extend from about lat 19°30’ S. to
26° S., a distance of about 700 km. The northern-
most deposits in Tarapaca are largely restricted to a
narrow band along the east side of the Coastal Range,
whereas to the south, they spread out more exten-
sively in the Coastal Range, Central Valley, and
Andean Front. Noncommercial nitrate deposits and

nitrate-rich soils are much more widespread than the
commercial or potentially commercial deposits shown
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FIGURE 1.—Index map of northern Chile, showing location of
nitrate deposits, as shown by mining-claim maps of the
Servicio de Minas del Estado, and areas covered by Landsat
images (figs. 2-4).
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TABLE 2.—Saline minerals of the Chilean nitrate deposits

HALIDES:
Halite, NaCl

NITRATES:
Soda niter, NaNO,
Niter, KNOs
Darapskite, Na; (S0.) (NO;) - H:0

Humberstonite, KsNa.Mg: (S0.)s(NOs).-6H.0

IODATES AND CHROMATES:
Lautarite, Ca (I10:).
Briiggenite, Ca (10;).-H.O
Dietzeite, Ca. (IOs) 2 (CI’O4)
Tarapacaite, K.CrO.
Lopezite, K:Cr;0-

BORATES:
Ulexite, NaCaB:0,-8H.0
Probertite, NaCaBs0,-5H,0
Ginorite, CasB1.025° 8H,0
Hydroboracite, CaMgB:0:;-6H:0
Kaliborite, HKMganOm ( OH) 10+4H.0

SULFATES:
Thenardite, Na.SO,
Glauberite, Na.Ca (SOs).
Bloedite,NagMg (804) 2+4H,0
Kieserite, MgSO,: H.O
Epsomite, MgSO,-7H,0
Gypsum, CaS0,-2H.0
Anhydrite, CaS0,
Bassanite, 2CaSO0,- H,O

DISCUSSION OF THEORIES

Discussions of origin have been concerned largely
with sources of the nitrate and with the mode of
accumulation of the deposits. The sources of the
other saline components generally have been as-
sumed to be those most compatible with the pre-
sumed source of nitrate.

The following sources of nitrate have been pro-
posed: (1) Decay of seaweed and other marine vege-
tation in waters and marshes of partially cutoff in-
land arms of the sea (Forbes, 1861; Noellner, 1867;
Flagg, 1874; Miintz, 1887; Miintz and Marcano,
1885) or of vegetation in saline lakes of continental
origin (Sieveking, 1887); (2) nitrification and
leaching of seabird guano at the margins of saline
lakes (J. C. Hillinger, 1860 ¢), inland arms of the
sea (Penrose, 1910), or salars (Gautier, 1894), or
accumulation of windblown ammoniacal particulate
matter and gas from extensive guano deposits that
were presumed to have existed formerly along the
coast of northern Chile (Ochsenius, 1887-88, 1888,
1903; Briiggen, 1928, 1938); (3) bacterial decay of
plant and animal remains during Tertiary and Qua-

6 Referred to in many publications about the nitrate deposits as a
report in the “Annario Nacional de Perd.” The original report concerning
mineral deposits in Tarapaci was published in the newspaper “Comercio”
and cited by A. G. Leubel in his book ‘“El Peri en 1860 o sea anuario
nacional.” No further information is available on the book or the
newspaper.

ternary time when a less arid climate supported
abundant vegetation in northern Chile (Plagemann,
1897-98), or of ancient plant material in soils (New-
ton, 1896); (4) nitrification and fixation of atmos-
pheric nitrogen by bacteria in soil (Gale, 1912, 1917;
Briiggen, 1938); (5) reaction of atmospheric nitric
acid with feldspathic igneous rocks of the nitrate
fields (Pissis, 1878; Sundt, 1904, 1911, 1917, 1921;
Wetzel, 1924, 1926, 1928, 1932, 1961; Knoche, 1930,
1939). Pissis and Wetzel suggested that the nitrate
ion formed by electrical discharge in the dense win-
ter fogs (camanchaca); Sundt proposed diverse
sources for nitrate and ammonia in the atmosphere,
and Knoche suggested formation by reaction of at-
mospheric nitrogen with ozone; (6) accumulation
of nitrogen compounds of volcanic origin (ammonia,
nitrogen oxides, or nitric acid) in gases associated
with intense volcanism in the Andes (de Kalb, 1916;
Feistas, 1922, 1966; Steinman, 1925), and nitrate
salts leached either from volcanic rocks of Jurassic
age (Whitehead, 1920) or from rhyolithic ash-flow
tuffs of late Tertiary and Quaternary age (Ericksen,
1961); (7) nitrate from diverse sources accumulated
in the subsurface saline waters and brines of salars
(Singewald and Miller, 1916; Mueller, 1960, 1968)
or in the soils of the nitrate fields (Hofseth, 1931;
Claridge and Campbell, 1968; Ericksen, 1975, 1979).

According to these theories, the saline constituents
of the deposits were supplied by: (1) Evaporation
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of saline waters at the margins of inland arms of
the sea or saline lakes, or within such bodies of
water or marshes that subsequently evaporated to
dryness. Charles Darwin, who visited the nitrate
fields of Tarapaca in July 1835 during the famous
voyage of the Beagle, was the first to suggest that
the deposits were formed at the margin of an inland
arm of the sea (Darwin, 1890); (2) capillary migra-
tion of subsurface saline water and brine from
salars into soils and fractured rock of nearby hill-
sides where the saline materials were deposited by
capillary evaporation, first proposed by Singewald
and Miller (1916) and then reproposed by Mueller
(1960); (3) accumulation in soils of the nitrate
fields by fallout or washout from the atmosphere
and by reactions of atmospheric constituents with
these soils, first proposed by Pissis (1878); and (4)
accumulation of saline-rich mudflows, first proposed
by Wetzel in 1924 (Wetzel, 1924) and discussed in
several subsequent papers (Wetzel, 1926, 1928, 1932,
1961). Wetzel has been the only adherent of this

proposed mode of accumulation of the nitrate de-
posits.

Many authors have proposed special chemical or
biological reactions in the soils of the nitrate fields
to form the saline constituents of the deposits, as
well as special mechanisms for concentrating the
widespread saline materials to form commercial
nitrate deposits. The reaction of nitrate and other
atmospheric constituents with feldspathic rocks was
favored by many authors (for example, see Pissis,
1878; Sundt, 1919; Wetzel, 1928) as the chief source
of the principal cations Na, K, Mg, and Ca in the
saline minerals of the deposits. Briiggen (1928,
1938) suggested that the deposits formed at a time
when rainfall was sufficient to support widespread
though sparse plants in the Atacama Desert and
that symbiotic bacteria associated with roots of
legumes caused fixation of atmospheric nitrogen and
nitrification of ammonia from guano deposits. Most
of the theories for accumulation by deposition or
reaction of atmospheric constituents at the sites of
the deposits also proposed that leaching by rainwater
and movement of solutions downslope enriched the
nitrate to produce the high-grade deposits that are
so common on the lower parts of hills (for example,
see Briiggen, 1938).

Theories suggesting formation of the deposits at
the margins of salars, lakes, or inland arms of the
sea are based chiefly on the distribution of nitrate
workings in Tarapacd Province, which tend to be
along the eastern side of the Coastal Range near
salars and playas in the Pampa del Tamarugal (fig.

1). Indeed, the positions of these workings are sug-
gestive of accumulation at a lake margin or within
the capillary fringe of near-surface saline water or
brine at the margins of salars. However, moist ca-
pillary fringes are not evident at the margins of
present-day salars, even where the water level is
virtually at the surface, and there is no reason to
suspect that deposition of saline material in cap-
illary-fringe zones of salars has been a significant
process in the formation of the nitrate deposits.
Moist capillary-fringe zones may have existed at the
margins of former saline lakes in the Atacama
Desert, but they would have been restricted to rela-
tively narrow zones at the lake margins, and capil-
lary evaporation and deposition of saline material
would have been restricted to the soils of these nar-
row zones. Most of the nitrate deposits are far from
such zones. On the other hand, former saline lakes
in the Pampa del Tamarugal (see p. 6) might have
contributed significant quantities of saline material to
nitrate deposits by evaporation of shallow marginal
waters and of windblown spray. Isolated small saline
lakes and ponds in the Coastal Range, which were
fed by ground-water inflow along faults connecting
them to the Pampa del Tamarugal (see p. 6), also
may have received saline materials that infrequent
rains leached from nearby nitrate-rich saline soils
and preexisting nitrate deposits. Such nitrate-rich
saline materials would have been redeposited in the
ponds as they evaporated to dryness, The nitrate
region has been above sea level since before the
nitrate deposits began to form; consequently, none
of the saline materials in the deposits originated in
inland arms of the sea.

Pissis (1878) was the first to suggest that an
atmospheric source of the saline components was
the only way the geographic and topographic dis-
tribution of the deposits could be adequately ex-
plained. His arguments are as valid today as they
were a century ago. His evidence for an atmospheric
source was chiefly the presence of nitrate deposits
on hills where they could not have been formed in
or near a lake, arm of the sea, or marsh. Sundt
(1911) and Briiggen (1928) also noted that the
existence of these deposits presented insurmountable
difficulties to any mode of accumulation of the saline
material other than deposition from the atmosphere.
They both cited nitrate fields high on hills and at
great distances from salars as examples of accumu-
lations that could not have formed by migration and
evaporation of subsurface saline water at margins
of salars (Singewald and Miller, 1916). Rich (1941,
1942) noted that the distribution of the nitrate de-
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posits could not be adequately explained by the
theory of Singewald and Miller. Briiggen (1938)
pointed out that Wetzel (1932) was in error in sup-
posing that mudfiows had anything to do with ac-
cumulation of the nitrate deposits. Wetzel had sug-
gested accumulation of saline mudflows in an at-
tempt to explain the fragmental nature of the saline
components of nitrate ore, which he discovered in
microscopic examination of thin sections (Wetzel,
1924), and a peculiar layering that he observed in
alluvial-type nitrate deposits (Wetzel, 1926, 1928).
Evidently, Wetzel failed to recognize that the frag-
mental texture could be caused by repeated partial
solution and redeposition of the saline components
as they migrated through the soils to form the en-
riched nitrate deposits, and that the layering was a
primary structure in the alluvium rather than a
feature related to accumulation of the nitrate de-
posits.

Some of the proposed sources of the nitrate are
untenable on the basis of present-day geological and
chemical knowledge or did not yield a significant
part of the nitrate in the deposits. The soils of the
nitrate fields do not show any widespread concentra-
tion of phosphatic material indicating the presence
of former guano deposits that might have been the
source of nitrate. Some nitrate may have originated
as ammonia released from seabird guano along the
coast, as suggested by Briiggen (1938), but the
amount probably was small because the guano de-
posits are small in comparison with the nitrate de-
posits. Ammonia and ammonium compounds are
known products of volcanic emissions, but the
amounts are small compared with those of sulfate,
sulfur dioxide, and chloride (for example, see White
and Waring, 1963). Nitrate has been found in
water-soluble saline material in ash-flow tuffs of
Pliocene age in northern Chile (Ericksen, 1961),
but whether this nitrate is an original constituent,
perhaps formed by oxidation ‘of primary ammonia,
or a later contaminant is uncertain. Whitehead
(1920) suggested that voleanic rocks of Jurassic age
in northern Chile contained concentrations of nitrate
that were leached and redeposited to form the
nitrate deposits. His theory was based on the oc-
currence of rich nitrate ore along certain tuffaceous
horizons in a Jurassic volcanic sequence exposed in
nitrate fields in the eastern part of the Aguas Blan-
cas district. However, later work (Briiggen, 1938;
Ericksen, 1963) has shown that the nitrate deposits
are unrelated to rock type, and that the fortuitous
relationship observed by Whitehead was probably
due to porosity of the tuff rather than to its com-
position.

Feistas (1922) first proposed that the nitrate de-
posits formed by reaction of soil and rock in the
nitrate fields with acids in clouds of volcanic gases.
This proposal was based on his spectrographic
studies of nitrate ores, which showed a wide variety
and great abundance of rock-forming elements. Evi-
dently Feistas failed to recognize that these ele-
ments were contained in the rock and soil of the
nitrate ore as well as in the saline components.
Feistas (1966) reiterated his theory after a visit to
southern Peru and proposed that the acid-bearing
volcanie clouds originated near the city of Arequipa
in southern Peru and swept northward in Peru and
southward into Chile. In both papers, Feistas pro-
posed some rather fanciful geological processes. For
example, in the 1966 paper, he concluded that dune
fields in southern Peru mark the paths of the corro-
sive acid clouds and that the famous sillar, or ash-
flow tuff, near Arequipa was the final product of
the most intensive leaching by volcanic acids.

SOURCES OF THE SALINE COMPONENTS

In a recent paper (Ericksen, 1979), I suggested
that the nitrate deposits could have formed by nor-
mal atmospheric deposition of the major constituents
in periods of 100,000 to 200,000 years, if it were
assumed that none of these constituents was re-
moved from the nitrate fields by rainwater leaching
or was destroyed by microbial activity. These esti-
mates were based on investigations of atmospheric
trace constituents conducted by many investi-
gators in the 1950’s and 1960’s (for example, see
Eriksson, 1960; Robinson and Robbins, 1970a, b).
Additional investigations in the 1970’s cast doubt
on earlier estimates of atmospheric concentrations of
natural particulate and reactive gaseous compounds
of nitrogen and sulfur, indicating that these esti-
mates are too high by at least an order of magnitude
(for example, see Noxon, 1975, 1978; Granat and
others, 1976; Séderlund and Svensson, 1976; Busen-
berg and Langway, 1979; Crutzen, 1979). As a con-
sequence, it does not seem possible that the nitrate
deposits could have accumulated by atmospheric de-
position of saline constituents whose concentrations
here are not greater than world averages for clean
air; therefore, local sources must increase these con-
stituents.

The local sources of the saline constituents are
those that supply these constituents to the atmos-
phere elsewhere; they include evaporation and spray
from the ocean surface and from former saline lakes
in the Atacama Desert, gaseous and particulate mat-
ter from volcanic activity in the Andes, windblown
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dust, biological activity in soils, and photochemical
reactions or electrical discharge in the atmosphere.
I assume that saline constituents from these sources
have been accumulating at the sites of the nitrate
deposits at least since mid-Miocene time, 10-15 mil-
lion years ago, when infilling of the Central Valley
had been largely completed (see p. 6). Although
the climate of the Atacama Desert has been ex-
tremely arid throughout late Tertiary and Qua-
ternary time, there undoubtedly have been intervals
of climatic change when increased rainfalls greatly
modified or destroyed preexisting nitrate deposits.
Although some of the saline material in the de-
posits may have been transported from distant
sources, as has been suggested for saline materials in
dry Antarctic soils (Claridge and Campbell, 1968),
most probably came from local sources. Sea salts,
ejected from the ocean surface chiefly in bubble
spray (Blanchard and Woodcock, 1957; Bloch and
Luecke, 1972), are carried inland as solutions in fog
droplets and as dry particulate matter remaining
after evaporation of the spray. The amounts de-
posited in dry fallout and in rainwater may be con-
siderable (for example, see Junge and Gustafson,
1957; Eriksson, 1952a, b, 1959, 1959-1960). As I
have pointed out (p. 10), the coastal fog of north-
ern Chile contains saline materials and may be an
important source of some of the saline constituents
of the nitrate deposits. The hundreds of volcanoes
that were active in the northern Chilean Andes at
various times during late Tertiary and Quaternary
time may have supplied large amounts of gaseous
materials and dust containing compounds such as
S0O., H,S0,, NaCl, NH;, and NH,CI that could have
been important sources of sulfate and chloride. The
associated voleanic rocks contain considerable
amounts of saline materials that are leached by
rainwater and carried by ground water and streams
into the Atacama Desert (Ericksen, 1963); there,
they accumulated in former lakes and today are
being deposited in playa lakes and salars. Rocks of
the nitrate fields show evidence of corrosion by the
saline minerals in the soils; such evidence chiefly
consists of pits and cavities on the undersides of
rock fragments that have lain in one position on
saline soil surfaces for many thousands or tens of
thousands of years. However, chemical weathering
is extremely slow in the Atacama Desert, and it is
unlikely that it produced more than small amounts
of the saline constituents of the nitrate deposits.
Recent investigations undertaken primarily to
evaluate the effects of atmospheric anthropogenic
contaminants such as flurochloromethanes and
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oxides of nitrogen on stratospheric ozone (McElroy
and McConnell, 1971; Crutzen, 1974a; Wofsy and
McElroy, 1974; Cicerone and others, 1974; Molina
and Rowland, 1974; Rowland and Molina, 1975;
McElroy and others, 1976) show many reactions in
the atmosphere that could have formed significant
amounts of nitrate and other oxidized saline com-
ponents of the nitrate deposits. Tropospheric reac-
tions involving ozone (0O;) and photochemically dis-
sociated water (HO.—, OH-)probably have been
of prime importance in the formation of nitrate
from gaseous nitrogen oxides and ammonia (Levy,
1972; Crutzen, 1974b; Chameides, 1975, 1978;
Simonaitis and Heicklen, 1975; Chameides and Sted-
man, 1977). Similar reactions involving gaseous
chlorine and iodine in the atmosphere may have
formed perchlorate and iodate, although such reac-
tions have not yet been identified as occurring in
the atmosphere. Ozone and other gas-phase re-
actants are formed in the atmosphere by ultraviolet
radiation, the dominant process in the stratosphere,
by a variety of photochemical reactions involving
oxides of nitrogen, methane, and carbon monoxide,
and by lightning during thunderstorms (for exam-
ple, see Crutzen, 1979; Chameides, 1975, 1978;
Noxon, 1976; Griffing, 1977). A discussion of these
and other atmospheric photochemical reactions is
beyond the scope of this report, but their diversity
has been indicated by Anderson (1976) who cited
250 gas-phase reactions of possible importance in
the atmosphere.

NITRATE

Nitrogen (N.) is a chemically unreactive atmos-
pheric gas that is fixed or combined into natural
organic and inorganic compounds by microbial ac-
tivity in soils and water and by photochemical proc-
esses in the atmosphere (for example, 'see S6derlund
and Svensson, 1976). Of the global nitrogen cycle,
90-97 percent involves exchange of organically fixed
nitrogen in soil and water, whereas only 3-10 per-
cent involves fixation of atmospheric nitrogen (Ross-
wall, 1976). Microbial fixation of atmospheric nitro-
gen is chiefly by symbiotic bacteria of certain
leguminous plants, by autotrophic bacteria, and by
certain blue-green algae (for example, see Séderlund
and Svensson, 1976; Griffing, 1977). Fixation of
nitrogen in the troposphere is chiefly due to thunder-
storm activity, wherein temperatures in lightning
flashes are high enough to cause formation of nitro-
gen oxides (Noxon, 1976, 1978; Crutzen, 1979).

Fixed nitrogen compounds that have been detected
in the atmosphere including the gaseous forms ni-
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trous oxide (N.O), nitric oxide (NO), nitrogen
dioxide (NO.), nitric acid (HNO,), and ammonia
(NH;) ; compounds such as (NH,).SO,, NaNO,, and
HNO; occurring as particulate material and as solu-
tions in rainwater; and nitrogen-bearing organic
substances such as proteins, amines, and amino acids
(for example, see Eriksson, 1952a; Junge, 1958b;
Visser, 1961; Jones 1971; Levy, 1972; Séderlund and
Svensson, 1976; Griffing, 1977; Noxon, 1978). Ni-
trous oxide is formed by anaerobic decay of organic
materials on the earth’s surface, chiefly on con-
tinents but also at the ocean surface (Koblentz-
Mishke and others, 1970; Junge and Hahn, 1971;
Hahn, 1974; McElroy and others, 1976; Griffing,
1977). Nitric oxide and nitrogen dioxide, which are
the principal reactive odd nitrogen oxide molecules
(NOy) in the atmosphere, are formed by photo-
chemical reactions involving ozone (for example,
see Georgii, 1963; Nicolet, 1970) and by electrical
discharge in thunderstorms (Noxon, 1976; Griffing,
1977; Dubin and Zipf, 1977). Nitrate is concentrated
in thin organic films at the ocean surface (Wilson,
1959; Williams, 1967; Barger and Garrett, 1970;
Barker and Zeitlin, 1972), which are ejected into the
atmosphere in bubble-spray (MacIntyre, 1970). The
chief source of ammonia is considered to be bio-
logical processes in continental soils (for example,
see Georgii and Miiller, 1974), but the sea surface
may be the source of considerable amounts of am-
monia or ammonium compounds in areas of high
biological activity. For example, Bloch and Luecke
(1970) reported a relatively high concentration of
ammonium (NH,*) in seawater bubble-spray, show-
ing as much as 100 ppm compared with 0.1 ppm in
seawater. They suggested that nitrate in the Chilean
deposits formed from such oceanic ammonium that
was oxidized photochemically in the atmosphere.
Photochemical oxidation of NH, in the troposphere,
chiefly by reaction with OH~ molecules produced by
reaction of ozone with water vapor or by other pho-
tochemical reactions, may be an important source of
tropospheric NO, (Junge, 1958b; Levy, 1972; Crut-
zen, 1974b; Chameides, 1975).

Nitrous oxide (N.O), which is the most abundant
of the fixed nitrogen compounds in the atmosphere
(about 250 ppbv), is a relatively unreactive gas in
the troposphere, but is the major source of NO, in
the stratosphere (for example, see Griffing, 1977).
Reaction of N,O in the stratosphere with the elec-
tronically excited oxygen atom O (*D) is rapid and
probably is the major process in the formation of
stratospheric NO, (Nicolet, 1970; McElroy and
McConnell, 1971). NO, formed in the stratosphere

may be carried to the troposphere by mixing of
tropospheric and stratospheric air. The reaction of
N.O and O (*D) is of little importance in the tropo-
sphere because O (*D), which forms by photodissocia-
tion of ozone by ultraviolet light, is sparse in the
troposphere (Levy, 1972).

The principal source or sources of the nitrate in
the Chilean nitrate deposits is uncertain, because
average concentrations of NO,, HNO;, and NH; in
the atmosphere appear to be too low for these con-
stituents to be the sole sources of the nitrate as I
had formerly proposed (Ericksen, 1979). Estimates
that indicated background concentrations of the
NH; and NO, in clean unpolluted air of 6 ppbv
(parts per billion, vol/vol) and 3 ppbv, respectively
(Robinson and Robbins, 1970a), were the basis of
the estimate (McConnell, 1973) that worldwide an-
nual deposition of NH;—N and NO;—N is about
2 X 10 g. At this rate of deposition, and assuming
that NO, NO,, and NH; were oxidized to NO; in the
troposphere or at ground level, the nitrate in the
deposits could have accumulated in about 200,000
years (Ericksen, 1979).

New estimates indicate that concentrations of
NO, in clean air are <0.1 to 1 ppbv (Chameides,
1978; Noxon, 1978; Huebert and Lazrus, 1978) and
that removal rates are on the order of 10*2 to 10 g
N yr—* (Galbally and Roy, 1978; Crutzen, 1979).
Concentrations of particulate nitrate in the tropo-
sphere are similar to NO, (Huebert and Lazrus,
1978), and the natural global source of ammonia
in the atmosphere is about 5 X 10** g yr—* (Dawson,
1977). Crutzen (1979) suggested that gas-phase
reactions producing NO, from NH; in the atmos-
phere would yield only about 10** g NOx—N yr—1,
and that most NH, is removed from the troposphere
by processes other than gas-phase reactions. On the
basis of these estimates, the deposition rate of
NO,—N from the atmosphere would be at least an
order of magnitude slower than that estimated by
MecConnell (1973), and the time required to form
the nitrate deposits would be nearer to 2 million
years than 200,000 years.

If, as I have suggested (p. 24), the nitrate de-
posits were formed during the past 10-15 million
years, and if they have had a complex history of re-
peated deposition and destruction, a rate of deposi-
tion whereby the nitrate theoretically might accum-
ulate in 200,000 years is reasonable, whereas I be-
lieve that a rate requiring 2 million years is not.
Two factors must be considered: (1) Only part of
the nitrate-bearing saline material that falls to the
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ground surface moves downward into the soil—some
may be carried away by wind, some may evaporate
as a gas, HNO; or NO,, for example, and some may
be washed away by rainwater. (2) Nitrate deposits
once formed have probably been partly destroyed
many times by exceptionally heavy rains or during
periods of climatic change when rainfall was greater
than it is at present. Also, as will be shown, the
chloride in the deposits, which shows an abundance
similar to that of the nitrate, has a rate of atmos-
pheric deposition whereby it might accumulate in
less than 200,000 years. I believe that the rates of
accumulation of the chloride and the nitrate were
similar. Therefore, local rich sources of fixed nitro-
gen compounds are probably more important in
northern Chile than are the distant or normal sources
of these compounds that account for average global
concentrations. The most likely local source for NO;,
NH,, and organically fixed nitrogen, which through
photochemical reactions or other processes might be
transformed to nitrate, is the nutrient-rich water of
the nearby Pacific Ocean. In addition, some ammonia
may have been supplied by erupting volcanoes in
the Andes, but to judge from the small amounts
present in volcanic gases in other regions (for exam-
ple, see Allen and Zies, 1923; White and Waring,
1963), the amounts transformed to nitrate in north-
ern Chile are correspondingly small. Rhyolite ash-
flow tuffs in the north Chilean Andes, which ap-
parently contain small amounts of water-soluble
nitrate (see p. 23), are evidently not sources of any
significant amount of nitrate in the deposits. If these
tuffs were important sources of nitrate or other
water-gsoluble nitrogenous material, one would expect
some of the many salars in this part of the Andes,
which contain saline materials leached from these
tuffs, to show abnormal concentrations of nitrate.
Neither the saline crusts nor associated saline waters
or brines in these salars contain unusual amounts
of nitrate. Considerable amounts of nitrogen oxides
may have been formed in Andean thunderstorms and
carried westward to the Atacama Desert by wind
and as solutions in streams and ground water.

The role of microorganisms in the formation of
the nitrate deposits is difficult to evaluate, except
that a general low level of microbial activity was
essential to the preservation of the deposits. As has
been pointed out (p. 11), microorganisms identified
in the soils of the nitrate fields include species capa-
ble of nitrification and nitrogen fixation, and
although these organisms are sparse in the dry
desert soils today, they would be expected to multiply
at times of greater-than-normal rainfall or coastal

fog. At such times, significant amounts of nitrate
or organic nitrogen compounds, later oxidized to
nitrate, may have been formed, particularly at soil
surfaces where the content of soluble saline material
is low and where autotrophic bacteria and blue-green
algae would be most active. For example, more prev-
alent fogs in times past may have created conditions
in the nitrate region similar to those of the well-
known present-day lomas of the coastal desert of
Peru where the condensate from winter fogs (June-
August) is sufficient to support growth of a variety
of lichens, mosses, grasses, tuberous plants, and
drought-resistant bushes in areas that are essentially
devoid of plants (except for sparse bushes) the rest
of the year. Furthermore, during times of the
heaviest fogs, the nitrogen-fixing blue-green alga
Nostoe locally forms extensive mats on soil and dune
sand (Dawson, 1963; Grolier and others, 1974).
Although lomas do not exist today in the nitrate
region of northern Chile, they probably have existed
in past times of more prevalent coastal fogs. At such
times, the higher plants and microorganisms both
consumed and formed soil nitrates. Unfortunately,
little is known about the salt content of the loma
goils of Peru, so that direct comparison with soils
in northern Chile is not possible.

HALOGENS

The only halogens occurring as distinct chemical
components in the nitrate deposits are chloride
(C1-), perchlorate (ClO,~), and iodate (I10,—), Only
trace amounts of bromide (Br—) have been reported.
The presence of perchlorate, the relative abundance
of iodate, and the paucity of bromine are unique
features of the deposits.

Chlorine, bromine, and iodine occur in the atmos-
phere as the molecular gases Cl;, Br., I,; as the gase-
ous compounds HCI, ClO, HBr, and BrO; as inor-
ganic compounds such as NaCl and NH,Cl; and as
halogen-bearing organic compounds (Eriksson,
1952b; Miyake and Tsunogai, 1963; Duce and others,
1963; Moyers and Duce, 1972a, b; Maclntyre, 1974;
Wofsy and McElroy, 1974; Wofsy and others, 1975).
Investigators generally agree that the ocean is the
dominant source of these halogens, but considerable
amounts of chlorine also are injected into the atmos-
phere by major volcanic eruptions (Ryan and Muk-
herjee, 1975). Both these sources may have con-
tributed chloride to the nitrate deposits, but the
oceanic source probably was dominant.

The relatively high I/Cl and 1/Br ratios in marine
aerosols and rainwater, much greater than those in
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seawater (Duce and others, 1963; Miyake and
Tsunogai, 1963; Moyers and Duce, 1972a, b; Seto and
Duce, 1972), indicate somewhat different processes
by which each element is added to the atmosphere.
The chief source of chlorine in the atmosphere is
probably NaCl in the sea spray (Blanchard and
Woodcock, 1957), whereas iodine is released by
evaporation of iodine gas from the ocean surface
and as iodine-rich organic material of sea-surface
films ejected in sea spray (Miyake and Tsunogai,
1963; Maclntyre, 1974). The ratio of Br/Cl in the
marine atmosphere is similar to that in seawater
(Moyers and Duce, 1972a), so that sea sSpray is
probably the chief source of the bromine.

The global flux of gaseous chlorine and of chlorine
as NaCl in sea spray to the atmosphere is much
greater than that of the other principal anions, sul-
fate and nitrate, in the nitrate deposits. Wofsy and
McElroy (1974) estimated a net global production
of gaseous chlorine, chiefly of marine origin, to be
about 2 X 10" g yr—?, whereas production of par-
ticulate chloride, chiefly as NaCl in ocean spray, is
about 6 X 10 g yr—*. These authors suggested that
HCI and Cl0 are the dominant gaseous compounds
at ground level. Eriksson (1959) found a relatively
high concentration of chloride in rainfall and dry
fallout along continental margins, where annual
rates of chloride deposition from the atmosphere are
commonly greater than 2 g per m? and at places may
exceed 10 g per m? Values are much lower in the
interiors of continents, an indication of the impor-
tance of the ocean as a source of chloride. At rates
such as these, the chloride in a typical nitrate field
could have accumulated by atmospheric deposition in
less than 200,000 years.

The oceans are the chief source of atmospheric
iodine and probably the chief source of the iodine in
the nitrate deposits. Iodine also occurs in voleanic
gases and sublimates (Honda and others, 1966;
Honda, 1970), but the amounts are small compared
with those emitted from the ocean surface. Mac-
Intyre (1974) suggested that organically bound
iodine is the chief form of iodine in the atmosphere
and that the principal source of this iodine is films
on the sea surface that are rich in organic matter.
He also pointed out that evaporation of iodine takes
place at the sea surface but that the relative impor-
tance of this source of iodine is not known. Blan-
chard (1969) and Moyers and Duce (1972b) also
suggested that organic-rich films on the sea surface
were major sources of iodine in the atmosphere.
Miyake and Tsunogai (1963) estimated that 99 per-
cent of the iodine in the atmosphere was iodine that

evaporated from the ocean surface. According to
these authors, the flux of iodine from the ocean to
the atmosphere is about 5 X 10 g I yr—?, which
would also be the rate of deposition if the observed
concentration of gaseous iodine in the atmosphere
were to be maintained. At such a rate of deposition,
the iodine in the Chilean nitrate deposits would re-
quire about 3 million years to accumulate. As in the
case of the nitrate, I believe this rate of deposition
to be too slow and that organically bound iodine,
ejected in bubble spray from the nutrient-rich
coastal waters of northern Chile, is the prinecipal
source of the iodine in the nitrate deposits. Further-
more, the iodine, which occurs chiefly in calcium
iodate minerals of low solubility, would not be as
readily leached at times of relatively heavy rainfall
and would tend to remain in the soils of the nitrate
fields, whereas more soluble saline minerals would be
leached.

Virtually all the iodine in the nitrate deposits
occurs as the iodate ion (IO;~); iodine as iodide
(I-) is absent or occurs only in traces. Iodine re-
leased from the ocean surface, either as a gas or in
organic compounds, probably is oxidized to iodate by
photochemical reactions in the atmosphere and at
soil surfaces in the nitrate fields. Iodate also occurs
in seawater and is released to the atmosphere along
with NaCl in bubble spray, but the amount is insig-
nificant in comparison with the amount of iodine
found in maritime air (Moyers and Duce, 1972b).

The absence of bromine in the nitrate deposits is
difficult to explain. Unfortunately, only a few de-
terminations of bromine have been made for saline
materials of northern Chile, so that little is known
about bromine distribution and variations in con-
centration. Several semiquantitative X-ray spec-
trographic analyses of nitrate ore by Harry J. Rose
of the U.S. Geological Survey (written commun.,
1968) showed all to contain less than 100 ppm bro-
mine. Mueller (1960) reported his analysis of a
specimen of nitrate ore from near Oficina Victoria
(fig. 1) as showing 0.19 percent iodine (1,900 ppm)
and 0.007 percent (70 ppm) bromine, giving an I/Br
ratio of 27/1. Mueller also reported an analysis of
a sample of saline crust (evidently high in NaCl)
from a nearby salar as containing 0.005 percent
(50 ppm) iodine and 0.011 percent (110 ppm)
bromine, giving an I/Br ratio of 0.45. This I/Br
ratio is considerably higher than ratios for con-
tinental evaporites and brines elsewhere and is sev-
eral orders of magnitude higher than those for ma-
rine evaporites, (for example, see White and others,
1963; Stewart, 1963).
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Bromine occurs in nature chiefly as bromide salts
of magnesium, sodium, and potassium (Pourbaix
and others, 1966). It occurs in the atmosphere as
the gaseous form Br,, HBr, and BrO, and in asso-
ciation with particulate matter such as aerosols,
cloud droplets, and sea salts (Wofsy and others,
1975), where these same gases are adsorbed or dis-
solved, or where the bromine occurs as the bromide
ion (Br—). Bromate, the analogue of iodate, is not
known in nature, and perbromate, the analogue of
perchlorate, is not known to form as a chemical com-
pound (Latimer, 1952; Goldschmidt, 1958; Cotton
and Wilkinson, 1966). Bromine occurs in soils in
amounts averaging 6.5 ppm, chiefly in organic com-
plexes ( Rankama and Sahama, 1950).

Bromine is much more abundant than iodine in
nearly all natural materials, so bromine must be
eliminated during formation of the nitrate deposits.
This elimination could be effected by processes at
the sources of the saline materials, probably the
ocean for iodine and bromine, in the atmosphere, and
in the soils of the nitrate fields. Processes at the
ocean surface cause a great enrichment of iodine in
the marine atmosphere, relative to bromine and
chlorine (Duce and others, 1963; Moyers and Duce,
1972a, b; Seto and Duce, 1972; Bloch and Leucke,
1972; MaclIntyre, 1974). However, as indicated by
the I/Br ratios for seawater and marine rainwater
and aerosols (Duce and others, 1963), the bromine
in the marine atmosphere is still more abundant than
iodine, and additional bromine would have to be
eliminated to account for the high I/Br ratios of the
nitrate deposits, if the ocean is to be considered a
major source of the iodine. The most likely means of
separating bromine from iodine is through atmos-
pheric photochemical processes that cause oxidation
of iodine to iodate, which then may be dissolved in
rain and fog droplets and removed from the atmos-
phere, whereas the bromine remains as a gas that
becomes dispersed in the atmosphere. Wofsy and
others (1975) suggested that HBr is the dominant
bromine compound in the atmosphere and that it is
produced by hydrolysis of bromine, chiefly in marine
aerosols. These authors estimated annual emission
of bromine to the atmosphere to be 1.1 X 102 g Br
yr— They also suggested that the gaseous forms of
bromine act as catalysts in the destruction of ozone
and, consequently, remain unchanged in ozone re-
actions. Duce and others (1965) suggested that pho-
tochemical oxidation of the Br— ion in the aerosols
formed Br,, released to the atmosphere as a gas.

The perchlorate ion (Cl0,~) is the most enigmatic
component of the nitrate deposits because it has not
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been detected in nature elsewhere and is not known
to form by any natural process. However, perchlorate
is an ubiquitous constituent that is reported in
nearly all conventional chemical analyses of nitrate
ore; in this study it has been identified as a chemical
component in nitrate ore from northern Antofagasta
province (see p. 20). The perchlorate in the nitrate
deposits most probably formed in the atmosphere by
photochemical reactions involving chlorine and ozone
(Motoako Sato, oral commun., 1978). It has been
proposed that chlorine-ozone reactions produce
oxides of chlorine (ClO,) in the stratosphere (for
example, see Nicolet, 1975). Simonaitis and Heicklen
(1975) proposed that perchloric acid could form in
the stratosphere by the following photochemical re-
actions:

Cl+ 0, + 0,— ClO, + O,
Cl0; + OH — HCIO,

Gaseous chlorine, ozone, and OH— from photodisso-
ciation of H,O are present in the troposphere (for
example, see Levy, 1972; Crutzen, 1974b; Chameides,
1975), and the same reactions might produce HCIO,
in the troposphere or even at ground level. Unfortu-
nately, neither ClO; nor HCIO, have been detected
in the atmosphere, so their formation by photo-
chemical reactions remains speculative.

SULFATE

Sulfate compounds such as sulfuric acid (H.SO,)
and ammonium sulfate ((NH,).SO,), occurring
chiefly as particulates and as solutions in rainwater,
and gaseous sulfur dioxide (SO.) and hydrogen sul-
fide (H.S) are trace constituents of the atmosphere.
The chief natural sources of gaseous sulfur com-
pounds are biological decay of organic matter and
volcanic emissions (see Granat and others, 1976),
whereas most of the sulfate in the atmosphere is
formed by photochemical oxidation and hydrolysis
of the gaseous sulfur compounds and is supplied by
sea spray (Eriksson, 1960; Gambell and Fisher,
1964; Goldhaber and Kaplan, 1974; Granat and
others, 1976). Sulfate is removed from the atmos-
phere as dry fallout and as rainwater solutions of
H,SO, and sulfate compounds. Granat and others
(1976) estimated the flux of natural sulfur com-
pounds through the atmosphere to be 84 X 10* g
S yr—1 as compared with that of present-day anthro-
pogenic sources of 65 X 102 g S yr—1. These authors
suggested that H,S formed by biological decay of
plant material in the oceans, especially in estuaries
and marshes at continental margins, and sulfur
compounds in sea spray are the dominant natural
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sources of atmospheric sulfur, contributing 34
X 10" g S yr—* and 44 X 102 g S yr—!, respec-
tively. They suggested that SO, and other com-
pounds of sulfur originating in volcanic eruptions
and fumaroles contribute only about 3 X 102 gS
yr—* to the atmosphere, and that other natural
sources contribute an additional 3 X 102 g S yr—1.
These estimates of the flux of sulfur through the
atmosphere are less than previous estimates that
natural emissions of gaseous sulfur compounds
ranged from a low of 89 X 102 g S yr—* to a high of
267 X 102 g S yr—* (Eriksson, 1960; Junge, 1963;
Robinson and Robbins, 1970b; Kellogg and others,
1972; Friend, 1973). Most investigators agree that
the ocean is the major source of atmospheric sulfur
and that volcanic sources are small by comparison
(for example, see Eriksson, 1963; Friend, 1973;
Stoiber and Jepson, 1973; Cadle, 1975).

Granat and others (1976), after reviewing sources
and fluxes of sulfur through the atmosphere, con-
cluded that atmosphere deposition of sulfur com-
pounds on land areas are equivalent to about 25 X
1012 g S yr—1, which would be equivalent to about
half a gram SO, per square meter of land surface.
At such a rate of deposition, the accumulation of
sulfate in the nitrate deposits would probably re-
quire at least a million years, rather than 100,000—
200,000 years that I previously estimated (Ericksen,
1979), on the basis of a rate of deposition
on the land of 165 X 102 g S yr—! proposed by
Eriksson (1963). The figure by Eriksson (1963) in-
cludes anthropogenic sulfur in the atmosphere,
which he estimated to be only 1/10 of the emissions
of sulfur from natural sources. Accumulation of
sulfate over a time span of a million years is perhaps
not unreasonable when it is considered that 10-15
million years have been available for formation of
the nitrate deposits. However, the rate of accumula-
tion of sulfate in the Atacama Desert probably has
been much greater than the world average because
of a greater local flux of sulfur to the atmosphere,
chiefly H,S gas and sea spray from the nearby nu-
trient-rich coastal waters of the Pacific ocean, and
S0, and other sulfur compounds from the hundreds
of volcanoes in the nearby Andes that were active at
various times during late Tertiary and Quaternary
time. Furthermore, the amount of sulfate in the
nitrate deposits is similar to that of chloride, which
might have accumulated in less than 200,000 years;
these two components probably had similar rates of
accumulation.

BORATE, CHROMATE, AND DICHROMATE

Boron in the nitrate deposits, occurring chiefly as
ulexite, is probably of volcanic rather than oceanic
origin. Gast and Thompson (1959) noted that the
B/Cl ratio of rainwater was several times that of
seawater, and they concluded that boric acid in the
atmosphere was evaporated from the ocean surface.
However, Nishimura and Tanaka (1972) presented
experimental data that indicate the atmosphere to
be supersaturated in boron with respect to seawater;
these authors concluded that the oceans are sinks
rather than sources of atmospheric boron. Perhaps
the best evidence for a volcanic source of boron in
the Chilean nitrate deposits is the abundant ulexite
in salars of the Andean highlands, which consist
chiefly of saline constituents supplied by recent vol-
canic emissions and thermal springs as well as those
leached from nearby volcanic rocks of late Tertiary
and Quaternary age. Salars in the Atacama Desert
also contain local concentrations of ulexite deposited
by water draining from the Andes (Ericksen, 1963).

Chromate (CrO,—?) is a widespread trace con-
stituent of mnitrate ore, occurring sporadically
throughout the nitrate fields in the so-called caliche
azufrado (sulfurous caliche, in reference to its
color) which together with small amounts in typical
nitrate ore become concentrated and impart a yellow
color to the leach solutions that are recycled in the
processing of the nitrate ore. Maximum values for
chromate in typical ore are probably a few parts
per million (Ericksen, 1963), whereas the caliche
azufrado may contain several percent of chromate.
No obvious source exists for this chromate. For
example, ultramafic igneous rocks, which are the
richest sources of chromium, are absent in northern
Chile. The most abundant igneous rocks of the area
are granitic plutons and rhyolitic tuffs, which con-
tain very little chromium (for example, see Kraus-
kopf, 1967).

The most likely sources of the chromate are sedi-
mentary rocks in the nitrate fields, principally shales
that elsewhere commonly contain about 100 ppm Cr
(Krauskopf, 1967; Connor and Shacklette, 1975). In
the highly oxidizing environment of the nitrate de-
posits, trace amounts of chromium in these rocks
may have been oxidized from the trivalent state
(Cr+?), which tends to form insoluble oxides, to the
relatively mobile hexavalent (Cr+¢) state in CrO,—2.
Rankama and Sahama (1950) suggested that forma-
tion of the relatively mobile chromate in the Chilean
nitrate deposits was due to the high oxidation po-
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tential of the deposits. Additional chromate might
have been released to soils of the nitrate fields by
decay of organic matter in sea spray or by decay
of plants such as Tillandsia that exist in the nitrate
fields (see p. 11). Shacklette and Conner (1973) re-
ported Tullandsia ash as containing as much as 1,500
ppm Cr.

Dichromate (Cr,0.—2), which is extremely sparse
in the nitrate deposits, evidently formed chiefly by
alteration of chromate. The transition of chromate
to dichromate can be observed in vugs in the chro-
mate-rich caliche azufrado. Also, grains of bright-
orange dichromate slowly form in moist residues left

by evaporation of solutions of caliche azufrado in the
laboratory.

ALKALI AND ALKALINE-EARTH METALS

The alkali and alkaline-earth metals: sodium, po-
tassium, magnesium, and calcium, which are the
only cations in nitrate ore in more than trace
amounts (table 1), show concentrations indicating
that they come from diverse sources. The Na/Cl
ratio of the nitrate ores is two to three times that
of seawater, whereas the Mg/Cl ratio is only slightly
greater than that of seawater. The K/Cl and Ca/Cl
ratios are 10-30 times that of seawater, and although
both these elements have been shown to be somewhat
enriched in bubble-spray because of fractionation at
the sea-air interface (for example, see Chesselet and
others, 1972; Wilkniss and Bressan, 1972), the
amount of enrichment is small compared with that
required to form the nitrate deposits. On the other
hand, Wilson (1959) suggested that an enrichment
of K in organic films at the ocean surface, which are
ejected by bubble-spray, might account for K in rain-
water, known to be as much as 10 times the amount
in seawater. Likens and others (1979) proposed that
soil particles swept into the atmosphere by wind may
release the cations Na+, K+, Mg+? and Ca+? to
rainwater solutions.

It may be inferred that the dominant sources of
the cations in the nitrate deposits probably were
(1) sea spray; (2) windblown saline dust resulting
from wind erosion in the Atacama Desert, including
erosion of former playas and salars; and (3) wind-
transported ash and dust from volcanic eruptions
in the Andes. Additional small amounts of these
cations may have been derived from chemical weath-
ering of rocks in the nitrate fields. Because of the
enrichment processes that have affected the nitrate
deposits, the varied solubility of the saline minerals
present, and the paucity of analytical data for saline
accumulations other than nitrate ore in northern

Chile, precise comparisons of the relative quantities
of these cations from each of the above sources in
the nitrate fields cannot be made. Nevertheless, the
ocean clearly has been a major source of Na+ and
Mg+2, as indicated by comparison of the ratios of
these elements, relative to chlorine in the nitrate
deposits and in seawater, the probable source of
most of the chlorine, and windblown dust and vol-
canic ash, the major sources of Ca*+? and K+.

ACCUMULATION AND ENRICHMENT OF
THE SALINE COMPONENTS

Most of the ore-grade nitrate deposits apparently
formed in three ways: (1) slow accumulation on
very old, flat to gently sloping or undulating land
surfaces that have had little or no modification since
Miocene time; (2) accumulation on lower hillslopes
and breaks in slopes as the result of leaching by
rainwater and downslope migration of solutions to
sites of redeposition; and (8) accumulation of saline
minerals in saltpans and saline ponds. Examples of
accumulation on old surfaces are the deposits on
uplands of the Coastal Range in Tarapaca and Anto-
fagasta Provinces, which have been little modified
since early Tertiary time; on old surfaces of the
Central Valley such as that of Pampa de Tana in
northern Tarapacd Province (fig. 4), of probable
Miocene age; and in the Baquedano valley, where
some of the deposits are in old stream gravels that
probably date from early Tertiary time. Downslope
migration of saline material is perhaps the most im-
portant process in the formation of the richest
nitrate deposits, and nitrate workings along lower
slopes of hills and at breaks in hillslopes can be
seen throughout the nitrate region. Unusual nitrate
deposits are found along the courses of old streams
in the low range of rocky hills in the vicinity of
the southwesternmost nitrate beneficiation plants
in the Baquedano district (fig. 9), which are down-
hill from a broad, gently sloping area of lower-grade
nitrate deposits. The richest deposits here are in the
stream channel rather than on the nearby hillsides.

Nitrate-rich brines are now accumulating in ponds
and salars in the nitrate region of northern Chile,
and similar accumulations may have formed rich
deposits in the past. Several salar crusts have been
worked as nitrate ore. The best-known nitrate-rich
salar is Salar del Carmen (fig. 1) where efflores-
cences of nitrate-bearing salts were harvested pe-
riodically during the latter part of the 19th century
(Whitehead, 1920). Other nitrate-bearing salars
have been mined in the Tarapaci, Baquedano, and
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Aguas Blancas districts (fig. 1). Two ponds in the
Tarapaca district, one in a valley at Oficina Jaz-
pampa, about 2 km northwest of Zapiga (fig. 1),
and the other in Salar de Bellavista near Oficina Vic-
toria, were found to contain nitrate-rich brines, as
shown by the following chemical analyses by the
laboratory at Oficina Maria Elena, Sept. 1977:

Pond, Oficina

Pond, Salar de
Jazpampa (ppm)

Bellaxicta {ppm)

NOs 13,700 4,280
Cl- e 28,700 15,300
SO« o 19,400 8,100
1057 . 140 trace
ClOy . 270 210
B . 370 210
K 1,550 770
Mg* o ___ 5,080 1,170

These brines are contaminated with old leach solu-
tions draining from waste dumps at nearby nitrate
beneficiation plants, which account for the excep-
tionally high nitrate, iodate, and perchlorate, ad-
mixed with brines or saline waters from salars.
Although these ponds are anomalous in receiving
these leach solutions, they indicate types of ponds
that might have formed in the past in closed basins
within the nitrate fields. Saline water and brine
formed by rainwater leaching of surrounding nitrate
deposits and saline-rich soils could have accumulated
in such basins and evaporated to form nitrate-rich
saline crusts. The nitrate efflorescences at Salar del
Carmen evidently had such an orgin.

The role of former ephemeral saline lakes in for-
mation of the nitrate deposits is difficult to evaluate.
However, some deposits were destroyed or prevented
from forming by such lakes. For example, the ab-
sence of nitrate deposits in southernmost Tarapaca
Province, the region of Salar de Llamara (fig. 1), is
considered to be due to the presence of the former
large lake of probable Pleistocene age, Lago Soledad,
and to playa lakes that still form periodically there
(Briiggen, 1938). The high-grade nitrate deposits
at the margins of some of the playas and salars in
the Pampa del Tamarugal, northern Tarapaci Prov-
ince, do not extend down to playa or salar levels;
rather, they terminate a few meters above these
levels. I believe that the absence of nitrate deposits
in this narrow band is due to leaching at the mar-
gins of late Pleistocene and Holocene ephemeral
lakes. On the other hand, the persistence and abun-
dance of high-grade nitrate deposits along the east-
ern side of the Coastal Range in the Tarapaci and
Tocopilla nitrate districts, the region marginal to
these ephemeral saline lakes, suggests that some of

the saline material here came from the lakes. Evap-
oration of shallow marginal waters and windblown
spray of the lakes might have contributed significant
quantities of saline materials to the nearby nitrate
deposits, and microbial activity in the shallow waters
and moist soils at the margins of the lakes may have
formed nitrate. '

The position of the nitrate caliche layer between
leached surface material and underlying salt-free
rock or regolith indicates deposition of the saline
material in a zone where capillary evaporation takes
place. The bottom of the caliche layer is probably the
level of deepest penetration of water from the
heaviest rains, whereas the leached overburden
(costra) is in the zone of average penetration by the
more frequent light rains. Penetration of rainwater
to the deepest parts of the caliche is probably along
major desiccation cracks, such as those shown in
figure 16. The powdery surface layer (chuca) is
affected by both rain and fog. Although workable
nitrate-rich layers are generally less than 5 m below
the surface, some are as deep as 12 m. At a few
places, layers of caliche blanco have been found in
relatively salt-free to salt-cemented regolith (coba
or conjelo) beneath the normal near-surface caliche
layer. Such a layer of caliche blanco was found at
Oficina Virginia in the southern part of the Tara-
pacé district, 2-3 m below the normal caliche (F. H.
Humberstone, oral commun., 1962). This layer is
probably a remnant of a former nitrate deposit that
was partially destroyed during a period of greater
than normal rainfall. Small amounts of nitrate
(0.1-1.0 percent NaNO,) and other saline compo-
nents of the nitrate deposits have been found to
depths of as much as 66 m in unconsolidated rego-
lith, as shown by drill-hole logs from nitrate fields
east of Iquique (logs were made available by Dr.
Donald Garrett, President, Saline Processors, Inc.,
1977). These saline materials probably indicate
deeper penetration by surface water or the former
presence of saline ground water in areas where
ground water does not now exist.

CONCLUSIONS

The geographic and topographic distribution of
the Chilean nitrate deposits indicates atmospheric
transport and deposition of the saline constituents
and subsequent redistribution by rainwater at the
sites of the deposits. The saline components in the
deposits are chiefly those found worldwide in the
atmosphere or those known to form by atmospheric
photochemical processes; these components have been
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deposited and preserved in the Atacama Desert be-
cause of the uniquely arid climate. Although some
constituents may have been transported from dis-
tant sources, the greater part probably came from
local sources such as the nearby Pacific Ocean and
the volcanic rocks and the emissions from intense
volcanic activity in the nearby Andean Highlands
during late Tertiary and Quaternary time. A general
low level of microbial activity in the dry soils of the
Atacama Desert has been essential to preservation
of the nitrate.

The following model for the formation of Chilean
nitrate deposits is proposed:

(1) Long-term widespread accumulation of saline
materials from the atmosphere in soils of the nearly
rainless Atacama Desert, perhaps starting in middle
Miocene time, 10-15 million years ago, and con-
tinuing until the present. Although a virtually rain-
less climate prevailed during this time, periodic
heavy rains or rainy periods caused considerable
leaching and redeposition of soluble saline materials
and at times may have caused widespread destruc-
tion of former nitrate deposits.

(2) The saline components were transported by
and deposited from the atmosphere chiefly as dry
fallout and as fog-condensate solutions. These com-
ponents included salts such as NaCl and NaNOQ;, as
well as gaseous or water-soluble constituents such
as NH,, HCl, H,SO,, and HNO, that reacted at the
soil level to form the saline components in the de-
posits.

(3) Ore-grade nitrate deposits formed by: (a)
accumulation of saline materials on very old, flat to
gently inclined or undulating land surfaces, where
rainwater dissolved the more soluble components
such as nitrate and redeposited them at deeper soil
levels; (b) accumulation of saline materials on hills,
where they were dissolved by rainwater and moved
to lower levels on hillslopes, typically at slope breaks
and bottoms of hills; and (¢) accumulation of ni-
trate-rich saline materials in salt pans and saline
ponds.

(4) The principal sources of the saline compo-
nents were: (a) sea spray and gases such as am-
monia and iodine from the nearby Pacific Ocean; (b)
volcanic rocks and emanations of active volcanoes in
the Andes; (c) photochemical reactions in the
atmosphere; (d) wind-transported saline materials
derived from erosion of saline soils, pre-existing ni-
trate deposits, and salars in the Atacama Desert;
and (e) atmospheric constituents that reacted with
soils and rocks in the nitrate fields or that were
transformed by soil microorganisms.

Different sources dominated for each of the saline
congstituents, as follows: (1) Nitrate probably was
formed chiefly by photochemical oxidation of am-
monia (NH;) or the ammonium ion (NH,*), gase-
ous nitrogen oxides NO and NO,, and nitrogeneous
organic materials. The chief source of the ammonia
and nitrogeneous organic material probably was sea
spray from the nearby Pacific ocean, whereas the
nitrogen oxides were formed by oxidation of these
substances, by nitrogen fixation during thunder-
storms in the nearby Andes, and by mixing of strato-
spheric air containing NO and NO, formed by re-
action of relatively abundant nitrous oxides (N.O)
with electronically excited oxygen atoms O (*D); ad-
ditional nitrate may have been formed at soil sur-
faces of the nitrate fields by nitrification of NH; and
NH,+ and nitrogen fixation by photoautotrophic bac-
teria and blue-green algae. (2) The principal source
of NaCl was probably spray from the nearby Pacific
Ocean, but significant amounts of NaCl or HCI may
have been supplied by volcanic emanations in the
Andes. (8) Sulfate originated as SO, in volcanic
emanations, as water-soluble sulfate minerals in vol-
canic rocks of the Andes, and as SO,~2 or H,S from
seawater. (4) Essentially all the borate came from
volcanic emanations and volcanic rocks in the Andes.
(5) Perchlorate is considered to have formed by
reactions of chlorine with ozone (0;) in the tropo-
sphere and at ground level. (6) Iodine is chiefly of
oceanic origin, as iodine-rich organic material
ejected in bubble spray and as gaseous iodine formed
by photochemical oxidation of iodide at the ocean
surface; iodine was oxidized to iodate by photochem-
ical reactions in the troposphere and at ground level.
(7) The anomalously low bromine content of the
nitrate deposits is attributed to atmospheric photo-
chemical processes that favored formation of the
gaseous forms of bromine, Br,, HBr, BrO, which
were lost in the atmosphere rather than accumulat-
ing as saline components of the nitrate deposits. (8)
The alkali and alkaline-earth elements, sodium, po-
tassium, calcium, and magnesium, which are the
dominant cations of the saline minerals of the nitrate
deposits, had diverse sources, including sea spray,
airborne particulate matter related to Andean vol-
canism, and wind-transported saline dust from soils,
salars, and playas in the Atacama Desert.
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