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Chemistry and Origin of the Chilean Nitrate Deposits

Donald E. Garreit

Sefine Processors, {nc.
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ABSTRALT

The Chilean nirrare deposits are one of the world’s most
wnigue and puzzling mineral deposits. They accur in the north-
ern coastal devert regian of Chile aver a north-south raage of
approximutely 700 knt and over an eqst-west distance of 1i-150
km as an almost continuous deposit of sadivm nitraie and other
sofuble salts. It is the only subistantid concentration of sodinm
uétrate anywhere in the world viher thep possible one or more
siall dry lakes in northern Africa, It is also the only solid phase
deposit containing water soluble fodate, perchisrate and chro-
mate fons. Sodium chioride and sodium sulfaie occur in ap-
proximarely the sume guantily as the sodivm nitrare, and there
wre smabler quantivies of porassium. magnestum, boros and
lithivm, No bromine 5 present.

Many quite diverse theuries have been preseated in an uat-
tempt 1y explain the origin of the deposit, but all of them ap-
pear o have seFicus problems. Based upon some recent expeni-
mental data on cavalytic nitrogen oxidution, a new theory is
propased tn this paper. Firgt, it is suggested thae the more com-
nran ions in the deposit: sodium. potassium, magresium, cel-
cium, fithium. chioride, sulfare, borate and curbunate vame
from salars, thermal springs and the leaching of rhe adjacent

terrain, and were transported o the lower valleys through riv-
ers, faults and underground aguifiers. Gnee such water was in
ife satar aguifier. it evaporared. The extremely Aygroscopic na-
ture af the sodium nitrave, with recurring and persistant fogs,
high warer tuble and sporadic ruin result (n a set capillary
movement of the sulutions to the surfuce in sarme of the lower
land areas, allowing evaporaiion to occur. Periodic partial
leaching of vie tup meter or 30 of soil from the sporadic rains.
folloveed by renewed capillery activity, continue to thoroughly
mix, evaporate and spread the depostt, Wind action, howaver,
is the principal means of rediztributing the salts i cover the
terrain fairly nniformby.

The nitrate and other less common elements require mulfti-
plicity of theories (o explain their origin. Recent srudies have
indicated that desert soils of various types have the ability o
phato-catalytically fix oxides of nitrugen from the air. This
mechanism would have been especially active in the kigh Ara-
camay elevations und wirh the clear skies uf the Chilean desert. It
iy suggested that this phoro oxiduiion, assisted by molsture
From the frequent fogs, probably resulied in the accumulation
of fodides and perchlorates.

INTRODUCTION

The Northern Chile sodinm nitrate, or “caliche” de-
posit, represents one of the truly large saline (water solu-
ble mineral) ocouttences in the world., The author esti-
mates that based upon current mining data and
government records it containg over a hillion tons of so-
dium nitrate, slightlv less sodium chioride, and perhaps
twice that amount of sodium sulfate, Potassium nitrate,
magnesivm salfate and boric acld may total about 100
mijlion tons cach, while the iodine and sodium perchlo-
rate content are both ahout five million tons, The deposit
area averages approximately 700 km in a north-south di-
rection, by 30 km in an east-west direction. ‘tThe ore is
generally most concentrated from one to five meters be-
low the sutface but is at about half strengih in the over-
burden, angd there are very small amounts of nitrate and
the ather salts to a considerable depth,

Various high grade zones of this deposit have been
commercially extracted since the 1800s, and for many
years this production represented the world's only large
commercial source of nitrates for gun powder, fertilizer
and chemicals. Areas having medium grade ores are stiil
being mined, and “salitre’” has remained a major indus-
try for northern Chile. A great deal has been written
about the deposit, and a recent paper (Ericksen, 1981)
presents a4 comprehensive review of the geology of the
area, the deposit and theories of its origin,

The deposit is not only large but contains a unique col-
feetion of minerals with very little evidence of their soarce
or how they were emplaced. Nifrates, for instance, are
comman in nature, but there have been oaly one or two
ather non-guano deposits reported anywhere in the
world, Even though nitric acid, miiric oxides and ammo-
nia are known to be minor constituents of the air, and a
comumon constituent of soils from nitrogen reducing-hac-
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terial, plasts, algae, ete., nitrate salis {(except from bird
or bat guano) have nowhere else accumulated to an ap-
preciable conceniration or tonnage.

In a similar manner, iodine is 2 common constituent of
oceanic waters, plants and animals and occurs in dilute
concentration (usually below 100 ppm) in some brines.
There are & few small cccurrences of silver and copper
todide, but newhere else has it been reported as a solid
sohible mineral or in any substantial concentration, Fur-
thermore, its oxidation state in the caliche deposits is as
the iodate lon, an unusually high (and generally unstable)
form.

Perchlorate is also present in the deposit in significant
quantifies, As with the iodate # is not found anywhere
else and is in a high oxidation state, Chromate is the final
eanusual soluble salt in the deposit and is also unigue to
this location. lts oxidation state is likewise uncommon,
hecause its form in chramite (the most commaon ore) and
other minerals is usually as the chromium ion.

From a physical viewpoint the depoesit is equally per-
plexing. There is very little uniformity as to grade, foca-
tien or ratio of the constituent minerals. The sodiem ni-
trate can vary from a fraction of one percest to pare
crystalline NaNO;, and from high grade ore on the sur-
face to traces many meters below it. [t can occur equally
on lilis, in gullies or depressions, in fractured bedrock,
or in porous conglomerate. It can be most concentrated
adjacent to salars, or far from them, and occurs fairly
continnously over a surprisingly large area. it is found at
elevations varying from 1000 to 4000 meters and is defi-
nitely not the customary saline dry lake bed, or solar
evaporated crystalline deposit.

DESCRIPTION OF THE DEPOSET

An attemnpt will be made to abstract the more pertinent
geological and lopographical description of the deposit
and its environment that have previousty been reporred
{Ericksen, 1981). For more complete detail this paper
should be consulted. Some of the author's data has also
been added to these descriptions.

Location. The nitrate deposit is in the Atacama Desert
of northeen Chile, west of the Andes Mountains and east
of the coastal range in broad, gentle valleys. Most of the
deposit is in the provinces of Tarapaca and Antofagasia,
although i extends in isolated areas in all divections, n-
cluding into the coastal Desert of Peru. It varies from a
few kilometers to 150 ke in width in an east-west direc-
tion and extends north-south for about 700 km. The
rorthern-most occurrences in Tarapacd are largely re-
stricted to a parrow band along the east side of the
Coastal Range, whereas to the south, they spread more
extensively in the Coasial Range, Central Vakley and An-
dean Front, Non-commercial nitvate deposits and ni-
trate-rich soils are much more widespread than the com-
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mercial or potentially commerciat deposits. Much of the
Coastal Range is encrusted with nitrate-bearing, saline-
cemented regofith, commonly ranging from a few tens of
centimeters to a metet or two in thickness. Near-surface
fractured bedrock alse contains veins and may be im-
pregnated by saline minersls. Low-grade nitrate ore, con-
taining 1-7 percent NaNQ,, probabiy forms an almost
continuous band, 10-30 km wide, along the center and
eastetn side of the Coastal Range throughout the region
of the nitrate fields. Scattered occurrences vceur over a
much greater distance.

Most of the commercial nitrate deposits are at altitudes
less than 2,000 m, but those east of Aguas Blancas extend
upwaed to altitudes of abour 3,000 m. The deposits in the
vicinity of Salar de Maricunpa, whichk has nof been ex-
pluited, are near 4,600 m.

The general terrain in northern Chile varies from west
to east: 1) a relatively low Coastal Range with a maximum
wigdth of 50 km, with some wave cut cliffs of 1000 m, and
whose peaks are generally less than 2,000 m in altitude;
2) a longitudinal depression or Central Valley, called the
Pampa del Tamarugal {1t is broadest and deepest in
northern Antofagasta and southern Tarapaci provinces.
'The Cenrral Valley consists of two major north-south seg-
ments, the Pampa del Tamarugal in the norih ang a simi-
lar basin to the south, centering at Aguas Blancas. The
two segments are separated by the broad transverse Ba-
quadano Valiev); and 3) the high Andes Mountains, a
plateau about 4000 m in altitude with many volcanic
peaks. Fhe elevation differences and profile in the aitrate
area is generalized in Figure 1.

Geolegy. The Andes Mountains in the north of Chile
contain huadreds of well preserved volcanic cones. Oniyva
few of them are known to have erupted in historic time,
but many show fumarolic activity, and there are abun-
dant hot springs. In Tarapacé Province the Andean
Front is marked by genile slopes that merge with the
Pampa dei Tamarugal, whereas southward, longitudinal
fromt ranges and valleys separate the Andean plateau
from the Central Valley.

Noarthern Chile is underiain chiefly by sedimentary and
voleanic rocks of Jurassic and Cretaceous age, covered
extensively by voleanic rocks and associated unconsoli-
daied sediments of Tertiary and Qualernary age. The
Andesn Front hus a thick cover of aluvial sediments and
interbedded ash-flow fuffs. The Central Valley contains a
generally porous HH of alluvium and interbedded lake
sediments that are as much as 900 m thick in the Pampa
del Tamarugal. The Coastal Range is manteled with sa-
fine-cemented regolith consisting chiefly of fragmental
rock material admixed with windblown silt and sand.
The windblown material consists chiefly of fine volcanic
ash and ernded piaya sediments. The only known saling
deposits in the older rocks of the region are anhydrite
beds in marine sedimentary rocks of Late Jurassic age ex-
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Figure I. Tepical efevation profile in the nitrate deposit area

posed in the Central Range, and an outcropping of rock
salt of Cretaceous to early Tertiary age near San Pedro de
Atacama.

The Atacama Deserl has had an extremely arid, neatly
rainless climate since at least Miocene time, and some of
the Mioccene and cven earlier Tertiary landforms have
been preserved with little modification. Other areas have
teen somewhat modified by late Tertiary and Quaternary
block faulting. Additional modification by stream cro-
sion has been slight, attesting to the aridity of the climate
since early Tertiary time. Infilling of the Central Vailey,
which becamt 4 depression as the result of uplift of the
Coastal Range and Andes, began in Oligocene time and
was largely completed by the ead of middie Miocene
time. The deep transverse valleys in northern Tarapacd
and Baquedano were formed after middie Miocene time
by streams from the Andes that cut across the Central
Valley., The Andean uplift has continued unlil the
present, accompanied by the ejection of huge amounts of
volcanic matertal, chiefly of rhyolitic composition during
the Miocene and Pliocene, and of andestic composition
during Quaternary time.

Northern Chile during the late Tertiary and Quater-
nary time contained many saline lakes within the closed
basins. Such lakes evidently formed at times of excep-
tionally high rainfall and runoff from the Andes, but

smal] saline lakes and ponds also occurred in closed ba-
sins of the Coastal Range that were interconnected by re-
cent faults serving as conduits carrying water from the
Central Valley. The cuniral region was the site of a farge
perennial lake of probable late Tertiary age.

About 100 closed basins now exist in northern Chile,
many of which contain-salars or dry lakes in their lower-
most parts and have prominent shoreline features, Shal-
low playa lakes now form iz the Atacama Desert only at
places along the western margin of the Pampa def Ta-
marugal at times of exceptionaily heavy rainfall in the
Andes. These lakes may form only once or twlce in a 10-
year periad and last from a few days to several weeks.

CLIMATE, VEGETATION AND
SOIL MICROORGANISMS

The Atacama Descert is claimed to be one of the driest
in the world, averaging an annual rainfall of less than a
millimeter in the areas where the nitrate deposits arc
raost prevalent, and in any given part of the desert, mea~
surable rainfall {1 mm or more} may be as infrequent as
once every 5 to 20 years. Heavy rainfall of a centimeter or
more may take place only a few times cach century. Such
fains may continge intermittently for several days and
have an aggregate precipifation of several centimeters.
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Because rainwater soaks inte the ground with little or 5o
renoff, gullying is minimal, and even some of the large
valleys lack weli-defined stream courses. Because of salt
cementing and moisture adsorpiion. most surfaces are
relatively stable and give rise to dense dust clouds only
during very strong, turholent winds. Sand dunes are
fairly uncommon, and most of the region is devoid of
plant growth. Plants are found onlv aieng streams, in a
few areas where the ground water table is near the sur-
face, and on hills along the coast thai receive abundant
fog condensate.

Rainfall shows a general increase with aRitude, and the
lowest limit of regular or seasonal precipifation is at alti-
tudes of 2,500 to 3,000 m in some areas along the Andean
Front. In this region, the rains are cormmonly associated
with thunderstorms. Parts of the Tarapaci Province
{zbave 4,000 m) can have up to 276 mm moisture, while
in the Andes of central Antofagasta the moisture does not
exceed 30 mm, chiefly as snow during the winter months,
Because of the prevalence of snow, which tends to sub-
lime rather than melé, this region is nearly as arid as the
Atacama Desert.

One of the unusnal features of the Aracama Desert is
the presence of widespread, relatively abundant ground
water supplies, commonly not more than 10-50 meters
below the surface. The ground water occurs in the alu-
vium of the Central Valley as well as in other vaileys along
the Andean Front and the Coastal Range. The soil is gen-
erally porous from the water level to the surface. Ground
water is recharged chiefly by runoff from the Andes and
by slow infiliration along recent fauits that connect the
basins with higher ground.

Dense coastat fogs or low clouds, locally known as ca-
manchaca, sweep inland from the Pacific Ocean, cover-
ing the nitrate area nearly every night during the winfer
months of June to August, and usually precipitating some
condensate on the seil surface. At times of the most prev-
alent fogs the condensate may be sufficient jo moisten
soil to depths of a millimeter or two, and exceplionally
heavy fogs cause deeper moistening of the soil. The
amount of water depostied in this way is perhaps a few
millimeters per month, and it is largely evaporated the
following day. However, the near-surface soil moistare
probably remains relatively high during the cool winter
months. The fogs in most areas generally do not exzend
farther east than the Central Valley but do fairly com-
pletely cover the nirrate zone.

The Atacama Desest is characterized by ocean breczes
during the morning that alternaie with easterly winds
from the Andes during the afternoon and nighi. Along
the coast, south to southwesterly winds dominate,
whereas inland the winds are more variable in direction.
The winds are generally somewhat confined to the Valley
area. Because of this, wind-{ransported material tends to
be spread rather evenly over the desert, instead of form-
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ing duneal accumutations. Wind erosional features are in
many piaces more predemtinant than those from water
erosion.

Recent studies have indicated that few zoils in the Ata-
eama Desert have bacteria or microflora populatfions ca-
pabie of nitrogen fixation. The micrabial activity in most
of the dry soils is exceedingly low, a requisite for preserva-
tion of the nitrate. The soils contain a variety of species of
bacteria, actinomycetes, molds and algze, but popula-
Lions are generally several orders of magnitude less than
in soifs of milder deserts. Laboratory cultures show con-
siderable diversity in types and growth rates of microflora
populations and capacity of ammonification and aitrifi-
caticn. Bacteria and actinomycefes are generzlly the
mest abundant microorganisms present, and near the sa-
lars there is sporadic evidence of sulfate reducing bacte-
Tid.

Nostoe muscarum, a well-known nitrogen-fixing, blue-
green algae, was found in mud from the edge of a saling
pond in Salar de Bellavista near Oficina Victoria, Tt has
alse been found in the coastal desert of Pern where winter
fogs are most prevalent and where fog condensate is
somewhat greater than it is in the Atacama Desert. Such
filamentous blue-green algae are photoautotrophic-re-
quiring only oxygen, light ard inorganic substances for
their life processes, and many species have the ability to
fix atmospheric nitrogen.

STRUCTURAL FEATURES OF THE
NITRATE DEPOSITS

Mitrate deposits occur fairly uniformly from the tops of
hills and ridges to the centers of the broad valleys, but the
richest deposits that have been worked from the earliest
period tend to be on the lower slopes of hilis. Neverthe-
less. high-grade deposits also are found in broad, debris-
filled valleys and basins and in nearly £lat to gently undu-
lating terrain, Several salars, in addition to those in the
Baguedane district, have nitrate-rich crusts, and the
crusts of gt least two-—Salar def Carmen and Salar de La-
gunas—are actively receiving increments of new nitrdte-
rich saline material by capillary evaporation of sear-sur-
face saline ground water.

The general caliche (nitrate) deposits show characteris-
tic features that reflect the original structures of the host
rocks and other structures that formed later during aceu-
mulation and enrichment of the deposits. The deposits
are in all types of porous rocks and unconsolidated sedi-
ments without showing any systematic variation in their
mineral content. They cccur as veins or impregnated
zones in such diverse rock types as granitic intrusions,
andesite and rhyolite flows and tuff layers, Hmestone,
sandstone and shale. The most widespread deposits are
those in which the saline mineraly form a cement within
unconsolidated regolith. Saline minerals were deposited
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in original openings—pores. cavities and fractures—in
¢he host rock and in new openings formed by the foree of
crystallization, The nitrate deposit is in the region of ac-
tive Fauits, and mineral layers have been extensively frac-
tured in the vicinities of faults.

The nitrate ores show great local and regional varia-
fions in chemical composition, so it is difficult to estimate
the compasition of an average or typical ore. Perhaps the
best estimates are those based on large tonnages of ore
{reated by the nitrate-beneficiation plants (Table 1),
Higher grade nitrate ores, mined selectively during ear-
lier days, contained two or three times as much nitrate as
do the present ores, and some contained 50 percent or
more sodium nitrate. Some of the minerals present are
shown in Table 2,

PRIOR THEORIES OF ORIGIN

Theories on the origin of the Chilean nitrate deposit
are based upon a large varicty of possible mineralization
methods, such as: (1) decay of seaweed and other marine
organisms in warers and marshes of partiaily cut off in-
tand arms of the sea (for the lodine content of the deposit)
and bacterial decay and nitrification of plant and animal
remazins (for the nitrate); (2) leaching of guano on the
margins of saline lakes, inland arms of the sea, or salars;
{3) nitrification and fixation of atmospheric nitrogen by
bacteria in the soil; (4} reaction of atmospheric nitric acid
from electrical discharge in the dense winter fogs, or from
gases in the atmosphere with feldspahtic igneous rocks;
{3) accumulation of nitrogen compounds of volcanic ori-
gin {ammonia, nitrogen oxides or nitric acid); {6) miner-
als from diverse sources accumulared in the sub-surface
saline waters and brines of salass or in the soiis of the

289

TABLE 2
Saline Minerals of the Chilean Nitrate Deposits

HALIDES:
Halite, Na(l
NITRATES:
Soda niler, NaNO;
Niter, KNQ;
Darapskite, Naj(50(NO,} - H;O
Humberstontie, K;Na-Mgy(50.)4{201), - 6H0

IODATES AND CHROMATES:
Lautarite, Cali{nq}
Bruggenite, Ca(104), - H,0
Dietzeite, Cadl0:){Cr0,)
Tarapacaile, K,CrOy
Lopezite, K,Cry07

BORATES:
UfE‘-XiiE, N&CﬂBsO@ . SH:!O
Probertite, NaCaBgGy - 3H0
(Ginorite, CasB, 003 §HL (O
Hydroboracite, CaMgB, 0, - 6H,0
K,at'iburitc, HKb’fgnggD](,(oHJm ‘ 41‘{:,0
Colemanite, CasB,0 ;- SH0O

SULFATES:
Thenardite, Na,SO,
Glauberite, NaxCa(S(y),
Bivedite, Na;Mg{5Q,), - 4H;0
Kieserite, Mg80. - H;0
Epsomite, MaS0, - TH(
Gypsum, CaSQy - 2H-0
Atihydrite, CaS0, .
Bassanite, 20250, - H;0
Polyhalite, K.CayMglS0,4)4- 2H,0

TABLE |

Typical Analyses of Chilean MNitrate Ore and Two Passible Source Brines

_ Nitrate Ore, wi,, %
Maria Range

Elena Currently Salar de Atacama
Trpical Mined ‘Fyvpleal wt., % Urean Water, ppm*
NaNQ;, 1.7 G6-10 Na 7.9 Na 10,600
Na; 50 186 H-15 50; P8 Stas 50,) 900
Nali 6.3 f=-10 i 15.9 Cl 4,000
K (.8 (r.4-1 K | 83 K 380
Mg 0.4 0.2-0.8 My 0.9 Mg £.300
Ca 1.5 1-2.5 Ca 0.03 Ca 400
Li 0.004 — 1i 0.14 | 3 0.2
10, 0.06 0.04-0.08 1 trace 1 (.03
10, (.03 0.02-0.04 C10y — 51 8
240 0.4 0,3-1 B,0¢ 0.3 B 4.8
PO, 0.1 - N, 0012 N{as NO3) 0.8
COy 1.4 {1.5-2 Cily £.003 Clas HCO;) 26
H,O 1.5 i.1-2 HyO 71.2 Br 65
F 1.3

#*Reference 2.
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nitrate fields, and (7) from: ocean spray and atmospheric
gases.

Two facets of the Chilean nitrate deposits have some-
what independently dominated these varions thearies.
‘the first centers on the unuseal minerals that are
present, and the second is based upon their unusual
placement and location throughout the mineralized area.
The former featurc has encouraged speculation on
sources sech as oceanic {for the iodine); intand fakes ot
salars {hecause of the lack of bromine, which is present in
sea water}; voleanic {to explain the boron, etc.): from
puano or bacteria, algae or plants (to explain the nierate),
and oihers. However, most theorisis have been more con-
cerned about the second feature {lncation). They have
suggested valcanic ash or gases, atmospheric condensate
or sea spray to explain why the deposit so uaiformiy cov-
ers a wide area of uneven terrain. The most recent review
proposes that the atmospheric gas-sea spray mechanism
is the correct one. This theory shali consequently be con-
sidered as a basis for comparisen,

Proof and Texts for any Theory, To the extent possible,
any theory of origin should be capable of belng tested and
verified by experimental evidenee. However, it can be as-
sumed that such “verification™ wiil be limited at best for
this depesit because of its complexity. As a second re-
quirement, any theory must meet the test of accounting
for ali of the deposits, or lack of them, where the condi-
tions of the theory would also be operable. For instance,
ideally it should also explain the smalt North African ni-
rrate occurrences, and in similar near-volcanie, near-
coastal deserts it should equally explain the lack of other
nitrate deposits.

The Ocean Spray Theory. The atmospheric fallount-
ocean spray theory gives considerable problems from
both of these crireria. First, some of the minerals in the
nitrate deposit have been reported in atmospheric gases,
dust or spray, but not all of them. Boyon, lithium, cliro-
mium, ete. had lo come from other sources. If the impor-
tance of the air deposition mechanism is to lay dewn the
deposit evenly and everywhere, how did these missing
minerals join the air-deposited ones? Also, what hap-
pened to the other seawater minerals {bromine, cesium,
rubidium, strontium, ete.)? Further, most atmaospheric
gases and condensate contain some ammonia {Bremble-
combe, 1982), and thete is none in this deposit, The lack
of bromine {a& major component of seawater} in the de-
posit is particularly hard to explain, and the ratios of salts
in the deposit are totfaliy wrong for seawater, seawater
spray, or even typical ratnwater, dew or fog. Finally,
chiorate and ivdate have never been reported in any anal-
yses of rain, fog, dew or aerosols, so haw did they happen
to deposit on the land in only this area?

Even more troubiesome, however, is the lack of gener-
ality of the theory. There are many deserts near oceans
throughout the world, and al have been with their
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present desert climate for at least 10,000 years (since the
muast recent ice age). Many of these deserts are much
oider. If the seawater spray theory applies to the Atacama
Desert, it should equally apply to all of the others. Thus,
even in the youngest deserts, when considering 200,000
vears as the age of the nitrate deposit, 10,000/260,000, or
Y of the Atacama formation time should result in about
S0 miltion tons of NaNQ;, NaCl and Na;50,; 5 miltion
tons of potassium nifrate, borax and magnesiom sulfate;
and 230,000 tons of jodine and sedium perchiorate.
Thus, many other deserts shoutd have major quantities of
these compounds, aceording to the spray theory, and yet
no such deposits or occurrences of any detectable concen-
tration of NO5', 10y, or {104 exists anywhere glse, and
very few deserts have appreciable groupings of the other
conypoients.

Tt might be argued that greater rainfall in the other
deserts precluded this accumulation. However, all of the
deserts have some closed drainage basing where the con-
centration of these ions would be that much greater, But
again, none exists. It might also be satd that organics
{“humic acid’") in these watter deserts have destroyed the
NGy, 10y and CHQy'. This could be true, but the [,
Cl7, Na't, Mg?*, KT, SO37. B,O4™, ete. would have
persisted. Again, there is no such deposit of [, or of the
Atacama raiio and proportional concentration of the
other ions anywhere else. Pinally, the North African ni-
trate deposits are 400 miles inland, and it is hard to visy-
alize the sea spray carrying that far and selectively fo
these small locations. Basically, it seems inconceivable
that such a broadly applicable mechanism as atmo-

spherie fallout and sea spray would not have left at least

some small trace of 10™, CIQ;" and NO; somewhere else
in the world if it were truly capable of forming the im-
mense Chilean nitrate deposit.

One possible set of experimental data is used for the
air-spray theory: the analysis of condensate from fog on
the Antofagasta coast near (30 km) the nitrate deposit,
"The rartio of salis in the fog condensate are similar to sur-
face, or low-grade, nitrate ore except for & moderate bi-
carbonate content. However, ihe present nitrate opera-
tions generate iremendous amounts of dust that generally
drifts toward the ocean in the afternoon and early eve-
nings. In the late evenings or morning the fogs form and
move inland. The particulate matier or aerosol that the
fogs have scen the maost of is thus the nitrate plants’ duost,
and it appears that that is what they are laden with. Also,
there is no bromine in this condensate, as there is in all
seawater spray. siow, dew and rainwater reported else-
where, further implying that dust was the main souree of
its salrs.

The fack of anv precedence or chies to the ore forma-
tion concept is fairly general to all of the proposed nitrate
theories. Each has some facets that could explain specific
unusual aspects of the Chilean nitrate deposit, but nene
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has cither any direct proof or can explaim why the Chilean
deposit is the only major one of its kind.

PROPOSED THEORY OF ORIGIN

Unigue Features of the Deposil and Area. Befors pro-
pasing a new theory on the origin of the Chilean nitrate
deposit the more pertinent features of the caliche and {is
envivonment will be reviewed. Perhaps the most impor-
taut is the exireme dryness of the area, and the long pe-
tiod that it has been dry. It has been specnlated thar a
generally arid climate has persisted for as inach as 15 mit-
{ion years, but rhis does not seem reasonable as the for-
mation time for such a soluble and fragile deposit. Be-
cause there is no age dating data available, a more
conservative figure of 200,000 vears will be used in this
paper. This woutd still allow a slow or sporadic mecha-
nism for the mineral furmation or accumulation 1o have
accounted for the immense caliche deposit, or for a depo-
sition process to have taken place long ago and the de-
posit to have survived, at least in part, for the intervening
years. Most other descrt areas o nal have quite as lang
an unchanged history.

Next in importance is the close presence of a highly
mineralized and volcanic region. The nitrare deposit is
adjacent to. and part of, one of the world’s major copper
and other metal mining areas. These deposits contain
major oxidized zones with, in addition to the common
sulfate, hydroxide, oxide, etc, minerals, seams of copper
nitrate and copper and sitver iodides (Palache, 1931).

Also, in the high Andean platesu above, of in parts of
the caliche deposit, there are extremely large saline de-
posits (salars) containing all of the common minerals in
the caliche. and smaller amounts of nitrate and lodate
{Chong, 1974}, These salars have solutions and/or solid
phases of NaCl, Na,;5Q,. KCl. MgS50,, Na,B/ - and
LiCl in similar, but somewhat different ratios than found
in the caliche deposit. (See Table 8.} Presently flowing
hot springs feed considerable quantities of these salts to
the salars and local vivers annually (Lahsen, 1976} Table
1 fists the composition of brines in the fargest of these
salars,

Perhaps the most unigue featare of the Chilean nitrate
deposii is the dense fogs that rell over the area many late
evenings or mornings in the winter, When the fogs burn
off by mid-day the weather is generally sunny, bright and
clear with high evaporation rates. The high altitude
(1,000-4,000 m) and very clear air makes for particularly
intense radiant energy, According to anthropologists
there is evidence of the Lomas Indian culture in the Aia-
cama Desert, indicating rhat the heavy fogs that currently
support this culture in Peru previously existed in the ni-
trate area. Also, remains of the Bagquedero and other in-
dian cuirures indicate cycles of climale with more mois-
ture, vegetation and a higher ground water table than at
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present {Hease, 1981), The Tamarugo trce reporiedly has
tap roots up to 10 m in length and has in recorded history
flourished, thus turther indicating high water tables.
This tree has seed pods that arc cdible by domesiic ani-
mals and probably helped support the Baquedero Indi-
ans who were hunters and gathered in one of the nitrate
areas. (Other 1ribex, such as the Chiuchin Comples
{Druss, [951) in the Rio Loa River hasin (which travels
through the nitrate deposit) were also hunters, Both are
known 1o have periodically oceupied and left these areas,
presumably for reasons of climatic and vegetation
change.

There is fairly general ground water under or adjacent
1o the nitrate deposil, and i is not very deep. Table 3 lists
the chemical analysis of six fairly tvpical wells in the Cen-
tral Vaitey, and Table ¢4 provides data on a number of
older wells. It is thought that the aquifiers arc fed from
the snows and springs of the Andes through river beds
and fault structures. The ground water under the nitrate
deposits is shightly basic, and the ratios Na: K, Na:Mg,
K:Li, C1:50, and Ch:1 are very similar to the ratio of
sahts in the ore. Because Hs content of nitrate, the most
solable salt, is low il could not have obtained its minerals
from leaching the caliche salts, Its similar mineral ratio
thus feads to the speculation that such underground wa-
ter could have supplicd alt the caliche minerals except for
the NOy', CIO, and 105 in the deposit. The waters are
also somewhat typical of thermal spring or volcanic basin
waters in that arca, with their high lithium and boron
content.,

Another unusual feature of the caliche deposit is that
nmuch of it oeeurs in areas where there is considerable po-
rosity in the soil down to and well past the underlying
aquifier, There are also some arexs of nitrates occurring
in fractured rock, hut most areas have no seams of clay,
shale, silt or other impervious material until well below
the nitrate deposit and/or the nnderlving aquifier. The
surface zone in these areas consist of a fraction to several
meters of finer grained material. but even it is quite po-
rous. Table 5 lists a typical drilling log for the caliche and
underlying soll structure, and TFable 6 for a nearby water
well, These were from the northern zone of the deposit
(near Of, Victoria) but are essentially identfical to the
more central region (Maria Elena and Pedro de Valdi-
via}, where eurrent mining is taking place.

The structure of the deposit itself is very unusual in its
mineral placement and composition. Cross sections of a
typical portion of the deposit in two areas are shown in
Figures 2 and 3. Table 7 lists a typical mineral analysis of
a drill hole. This area is in fairly gently rolfing hills, but
simifar ore patteras exist even in locations with much
higher terrain and greater elevation differences. The pat-
terns of ore vartation, sumewhat random overburden, ore
thickness and the depth of the ore, are guite typical.
There is liftle relationship of surface elevation to these
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TABLE 3
Warer Well Analyses in the Northern Nitrate Arca®
Hunber-
sione Bagaedano ing. Pineda

Well Daiz #E #3 #7 #8 #1 #2
Ground clevation, meters Ni N1 1,070.19 1,085 NI NI
Static water level, meters 3310 51.60 33.19 49,50 48.88 49.05
Total well depth, meters 106.5 133,25 92.25 81,00  197.080 127 .80
Yield, gal/min 1110 634 951 558 1033 1585
Warer Analysiz, ppm
Ca 254 295 281 s 154 e
Mg 47 &9 53 60 14 —
Na 541 454 408 690 KA —
K 71 5% 44 50 NA -—
i NA 38 8.3 NA NA —
1 96} 1,830 Q50 1,200 221 -
504 499 454 474 340 477 —
NOy NA 1.2 3.8 NA 15 _—
F NA 8.3 0.3 Ka, 0.6 —
HCO, 54 133 134 70 —
B NA 22 22 60 NA —
pH NA 7.2 78 NA 7.2 —

* Analysis for Baqeedana #3 and #7 were performed by USGS, July, 1953, All other data received from
Mintsterio de Obras Publicas, Direccion de Reigo, Inguique, NI = No Information: NA = Not Analyzed.

factors, and tich, thick ore can occur equally on top of an
clevated area, or tidge, or at its bottom. However, the top
of the mining grade ore does follow the surface elevation
queite well, even though there is considerable variation in
the thickness of the “overburden.” There is much less
corzelation to the base of the ore zone with surface eleva-
tion because of the cumulative variation in both of the
overlying zones. This ore structure would require a fairly
uniform depositional method that was reasonably inde-
pendent of the surface elevation.

The ore grade, on the other hand, is very aneven.
There is a rapid change in the sodium nitrate content,
and in the ratio of minerals both laterally and vertically.
Quite different ratios of the nitrate to sulfate, magne-
sium, potash, ete. are noted in different areas of the de-
posit. If the minerals came from the ocean spray or from
gases, their composition must have changed very rapidly
on a random basis (i.e. not seasonally er episudicaliy) and
have been quite different in different areas of the deposit.

The ore analyses show a reasonably sharp cutoff of the
nitrate within four to six meters or so from the surface,
but traces of the mineralization occurs to 2 considerable
depth. The sodium sulfate, and probably the sodium
chioride, appears to persist to a slightly greater depth
than the sodium nitrate, Small guantities of the minerals
presumably continue down to the water table.

The chemical compusition of the nitrate ore is perhaps
its most unusual feature. An analysis of vomposite ore
samples from operating mines and an individual sample
for a more complete analysis have been given in Table 1.
"Fhe sa¥t ratios for several possible ore sources are shown

in Table 8. The water soluble ions are seen to be Na¥,
K=, Mg2*, LiT, Cal¥, NO;, 507, Ci-, 107, ByOF™,
(10, and CrQ3 . The K+, B,03™ and 107 are present
in the currently mined ore as sparingly water-soluble
salts, as is all of the Ca?*. There appears to be some
CaCQO; and CaSO, throughout the ore, and small quanti-
ties of calcium phosphate. There is some clay, gencrally 2
weathered montmoriilonite. The remainder of the caliche
is volcanic ash, tuff, silica angd other predominately vol-
canic or windblown minerals,

Several matertals are conspicuous for their absence in
the nitrate deposit. Fisst, there are no organic compo-
nents present. In most saline deposits, efther as solids or
brines, there is considerable organic matter. 1 is nsually
broadly classified as “humates’ and represents the trace
guantities of organic material that has been concentrated
threough evaporation of the originally more dilute min-
cral-containing solutions. However, the nitrates, iodates,
perchlorates and chromates would oxidize and destroy
any organics that were originally present and would in
turn suffer a corresponding loss while doing rthe oxida-
tion.

There is alsc in the depaosit almost o bromine, which is
a major component of seawater, There is likewise none in
the Salar de Atacama, nor has there been any reported in
other adiacent salars, rivers or hot springs. Because bro-
maine is always present in seawater spray, rain and snow
(Bloch, 1972} its absence fairly well eliminates the possi-
hility of seawater being the souree of the deposit. Simi-
tarly, there are no ammoniurm salis in the deposit, and
trace gquantities of ammonia are always present along
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TABLE 4
Typieal Water Well Data in the Northern Nitrate Area®
Locatlan No., of Weld Waier Elevation, Production Water
{Nitrate Plani) wells  Depth, m. Tuble, m. m. gal/min ___Qualtly
Comsiancia 5 S5 46 1114 | Brackish
o Hik 35 1118 2.0 Brackish
Ramiriz i of} 36 1083 2.2 Hrackish
2 5 53 1492 L8 Brackish
Santiago ! 56 53 1090 3.3 Brackish
Miapocko 2 56 51 16873 35 Bruckish
San Donato i Hi) 47 14613 k.1 Brackish
2 65 &0 1470 1.2 Brackisk
San Jose i 34 K3l 1054 4.0 Dirinkable
Keryma 1 38 36 143 I Brackish
2 60 57 1038 ¢.8 Bruclash
Pena Chica 1 34 32 14138 t.5 Brackish
2 36 33 1043 4,7 Brackish
Huberstone 2 30 Ji 14037 1.8 Brackish
{La Palma) 3 35 L5 128 2.8 Brackish
Cala Cala | 35 3z 16332 4,2 Brackish
Buen Retiro 1 6.5 22.5 1025 I Brackish
Carmen Bajo ! 33 - not working —
2 33 N 1024 4.4 Brackish
San Mansuel i 22 20.5 1623 1.4 Brackish
Sara I 32 2 1018 1.5 Brackish
2 32 20 e not used —
Sebastapol f 5.3 5 950 30 Brackish
Chatita i 13 9 950 1.2 Brackish
2 13 9 Y50 1.2 Brackish
Puposa S wells 3023 983 N.D. Brackish
Sun Ernrigue t 37 25 360 N.D. Brackish
Peruzna ; 32 kit 350 N.D, Brackish
San Pedro 4 wells 30avg, 25 avg. 933 3.8 total Brackish
Santa Flena Jwells 10 g {1} 2.4 total Brackish
Virginia 1 South 15 q W3 0.6 Drinkable
2 East 19 11.3 HNY 4.3 Dirinkable
Gakinzo Jwells 12,8 10 976 3.0 N.D.
Tarapoco 27 24 (36 3.0 total N.D.
Felisa 2 weils [2.3 i0 76 3.G Sweet
i7 10 196 8.2 Sweet
Baguedana 1 NI 5 1032 476.5 Sweet

*Data from lockl records prior fo 1938, except for Baquedano,

with nitrate in atmospheric gases, also climinating this as
# possible source.

Theoty on the Origin of the NaCi, Nat, K+, Mg?™,
Li™, CI, 8047 and B,0}™ in the Deposit. The so-called
“eommen fons” listed above would appear to need no es-
olerie theory to explain their presence in the nitrate cali-
che. There are major sources of them in salass in the An-
dean Plateau. in thermal springs in the Andes and in the
ground water underneath the caliche deposit, The trans-
port of these ions from the salars to the Central Valley
can be easily visuatized, as a similar transport has oe-
curred in many basins throughout the world. Far in-
stance, there is evidence of leakage from the Salar de Ata-
cama within the period of the nitrate deposit’s formation.
This could have accounted for the somewhal unusual
lithium content. as well as most of the other “common”

minerals in the nitrate deposit, Also, there are mineral-
ized thermal springs feeding into the ground water at the
present time (e.g., the Tatio gevser, etc.). Considering
that the very Jarge upper and lower structure salt masses
and brine deposit in Searles Lake, California can be
ostly accounted for from thermal springs and river wa-
ter flowing for about 35,000 years (Garretr, 1959) from
the Sierra Nevada Mountains, if would appear to be quite
simple for the niuch larger Atacama basin, and the much
longer time-of-formation period to account for these salis
in the nitrate deposit. The ratios of minerals in the Salar
de Atacama are not the same as the ground water analy-
ses under the nitrate deposits, but because alh of the sa-
lars and minecral water cccurrences have somewhat dif-
ferent compositions, the ground water should be a
blending of the various sources that feed it. This blended
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TABLE 5 TABLE 5 ({continued)
Typical Nitrate Ore Bare-Hole Lag Typical Nitrate Ore Bore-Hole Log
Iniereal Lithology iniervai Lithology

0-0.5-m Brown, mostly aggregates of sand and siit in 11.80-15.60 Medium sand-sili sired fine grained volcanies,
soluble salt matrix. Some transparent clear some small gravel fragments with rounded
soluble mineral. Some transparent clear solu- corners. Several thin beds mffaceous materizl.
Eie;mr?:;a; Alsa volcanics, 5-6 varieties, 15.60-27.6¢ Fine tuffaceons material with some sikt, sand

.O 5.0.9 ’ grapnea. o | and gravel of fine grained voleanivs,

A-0. Cuttings tannish grey, similar o above, hut - . L .
particies in aggregates are cnarser, 60% of 37.60-33.60 307 tuffacevus fines, 50% fragments of peb-
matrix is soluble mineral. bies, 20% gravel, mostly dark grey fine

N . . ined voleanics.
0.9-1.38  Color tannish, light grey, as above, but con- gramed volcanics
siderable iron stuining? Fine particles. 33.60-42.60 30% tuffacecus fimes, 30% gravel with some
1.30-1.7¢  As above, with more coarse sand size parti- sand.
cles. Light grev. 42.60-51.60 30% tuffaceouns fines, 50% gravel, sand and
1.70-2.10  Tan and white aggregates of tine sand and silt silt. 5ix types of fine grained volcanics
with substantial free medium sized sand, present.
Some aggregates disintegraicd in water 51.60-54.60 40% tuffaceous fines, 60% gravel, sand and
quickly, others slowly. fing sand. Some rounding of corners of the
2.10-2.530  Unconsohidated material at 2.10-2.30-m. Thin gravel. Six varieties of fine grained volcanics.
beds, sand vize, light grey. Continued aggre- Some silty sand with pebbles, followed by
gates of fing-coarse volcanic materiats. Five Sa_ﬂd' wifaceous seants and ending in sand
different textures and calors, in a matrix of with pebbles.
501“*’_“ material, Noteably more tuffaceous $4,60-64.60 Siley sand with coarse gravel sized particles
Tocks. and thin seams of taff.
2.50- H i ial at 2.70- s size . - . :
2.50-2.30 L “?ﬂns?fi?atid materlai'at 2. ;30 - f."igd size 64.60-67.60 60% fine tuffaceons material, Remainder
giramsj I‘d o & rowrli.-grcy ’ 3‘: aMOVf}; ?' _ f‘;.?}e sand, fragments of gravel, and gravel, Six va-
Ciear saline minerals present. Muca less ha- vieties of fine grained volcanics. Some gypsum
ceous material. . i
present.
290-1.3¢ Color is fight brown grey and as abave but
with fewer clear soluble crystals and frag-
nients,
3.30-3.70  Unconsolidated material at 3.40-3.62-m. Grey TABLE 6
fine sand-—silt particles in-matrix of white~
grey-fan epaque malerials 50% +. Particles Water Welt Dirillers Log
are voleanic, as above.‘ P Chaica Well
3.70-4,90 gn!cnr:s}:}:d;tcd material ath3.70-g3.901:!h . o Depth Lithology
olor fight brown-grey us above but with 10% _ PO
coarst fragments of voleanics, Many of the 1-4 m. g.iedlutp .mncia;;d g}rarvcsl .(t?i "cf'“““" S;ﬁhor-
particles are in very fine silt range. inate fines, tt e Clity. DGt YeTY ANgHAT
. - ) ) with littie rounding: 50% quartz.
4.90-5.70  Color as above. Sand-gravel sized voleanic - . o .
fragments with subordinated cemented aggre- 7-9 Sand, subordinate gravel with thin layers of
gates. (>50%), Much soluble material in clay.
fines. 9-12 Clays with subordinate sitr. Clays gypsiferous.
5.70-7.80 Coipr as';bqveo.v (}favel and sgpd si?eq VO"_ 12+5-15%1 Sand, medium, very well sorted. Grains
canics with S0% fines. Salines present only as mostly angulsr, approximately 20% quartz,
fine grains. alf angular. Some indication of frosting of
7.80-8.60 Unconschidated material commencing at 8§,20- some gaarty.

m, Fine sand and silt predeminaie with gravet
sized particles. Fines largely clear and trans-
parent.

§.60-10.60 Fines with 10% gravel sized particles, showing

rounded corners. Fine grained volcanics; some
tuffaceous aggregates,

10.60-11.80 80% fine grained, with 20% coarse frag-

ments. Some rounded surfaces, of fine grained
voleanics, -3 varieties, some tuffaceous ag-
gragates, Fines mostly iuffaceous or fine
transparent-opaque white grains.

15i4-17

17-21

21-34
36-56
3680
808612
861/2-99

Silt in clay. Clay in part appears admixed with
the silt.

Sikt with admixed clay. Layers of clay com-
mencing at 13 m., .25 m apart.

Sand with coarse sand.
Sand with fine gravel.
Sand with a little clav.
Conglomerate, fige sand.
Gravel with sand.

G62-106L:  Sand with a little clay.
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Figure 2.

water, with local differences in various areas, worid thus
appear to be a logical candidate to have supplied the
comman minerals in the deposit,

The immense Salar de Atacama is above the eastern
center of the nitrate area, with basement rocks of rhyolite
tuffs about 7.5 million years oid. It is filled with 350 m of
solid salt (NaCl), the upper part of which is porous and
containg a brine with high concentrations of Na, K, Mg,
Li, CL 5O, B;O;, small quantities of NO; and traces of
I. However, the San Pedro viver alone would have pro-
vided #s entire potassivm content in 200,000 years at its
present flow rate and mineralization, yet based vpon
other known inputs and a salt balance, this river proba-
bly did not provide more than one seventh of the potash.
This would imply that a great deal of the entering potas-
stum must have escaped. The basin closure is 300 m
above the present surface, so overflow might not account
for very much, if any, of the mineral loss. There are
known faults connecting to the south and west, however,
and even though no outlets or downsiream springs are
known, it would appear that this is the most prabable
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ARGH PLETEAR S0URZARY FAMFA FI33 0 GUNCENNIOR,

North-South section at Pampa Pissis

method of brine {and potash, ete.) removal from the ba-
sin. In the highly faulted Andean deserts, such brite-car-
rying fauits and aquifiers have long been credited with
supplying the rather abundant ground water in the lower
nitrate desert valieys. H this is the case, other upper sa-
lars also should have contributed strong brines to the ni-
trate deposits in a similar manner,

The entire nitrate valley is a fairly closed basin for
ground water, with only one river outlet to the ocean bhe-
tween Zapigoe ta Tattal, This drainage appears to have a
very Hmited water-carrying capacity. Based upon the
Central Valley water tabie being much higher than the
Rio Loa pass through the Coastal Range, the ground wa-
ter release over or through the Coastal Range appears to
be slow and diffieult, Thus, the reservoir occupied by the
under-the-sarface aquifier in the area's very porous soil is
immense and may very well have been primarily dis-
charged by surface evaporation. The mineral carrying
and concentrating capacity of the ground water and lower
salats is large enough to have supplied all of the “com-
mon’' minerals to the nitrate deposits.
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Figure 3. Pampa Pissis pit logs, trend S10°W from western boundry

Theory of the Origin of the Sodium Nitrate. Recent
studies have indicated that a catalytic photochemical oxj-
dation of atmospherie nitrogen is possible. Certain sands
and rocks appear to photochemically convert small
amounts of the nitrogen and oxygen in the air to nitric
oxide: N» + 20, + mhy —2NO;. A small amount of
heated and sterilized soil or sand was placed into tubes
and exposed to sunlight (Schrauzer, 1981). The solids
were then washed wirh dilute acid, and the solution was
analyzed by & micro Kjeldah! procedure. Clays, shales,
limestone and dolomite showed little or no activity, while
sand containing titantum dioxide, ivon oxides, ete. had a2
catalytic effect. Typically, 0.14 pmoles of NO, were
formed by exposing 10 g of sand to (July) sunlight for five
days. Controls with no irradiation gave no vield, and fur-
ther tests indicated thal silica, aluminem sificates, eic.
were not active, However, even small guantities of the
metatlic oxides {Ti0,, Fe,0,, etc.) resulted in consider-
able photo oxidizing activity. This data would indicate
the production of about 2 to 20 Kg of NO, per year per
acre, ar 5 to 50 Kg NaNO; per year per acte, or 33,000 1o
300,000 tons per vear for the deposit arca. This could
have generated the estimated one billion tons of NaNO,

in the deposit in 3,000 to 30,000 years if none of the NO,
volatilized, was reduced by organics or was otherwise lost
from the deposit.

The previously described experiment was performed
on dry heat-sterilized and vacuum-degassed sands, and
with an analytical procedure that could got differentiate
which nitrogen compound was formed. Because no water
was present it is difficult to accept the author's conclu-
siou that ammenia was the producrt of the photochemical
reaction, However, previous experiments (Bickley, 1979)
appeat to show conclugively tha? nitric oxide is the nor-
mal end product of phatolysis on Ty surfaces under at-
mospheric or axidizing conditions, Similar studies per-
formed later (Kuliev, 1981) also produced nitric oxide.

This mechanism would thus appear to he fairly well es-
tablished as a possible nitrate producer under the highly
unusual conditions of the Atacama Desert. There is no
vegetation or bacteria to reduce the nitrate, and with the
fogs, enough moisture exists for nitrate formation and ac-
cumulation. The high altitude and unusually clear skies
provide & high radiation intensity, and the predominant
sarface ares s rocks or sand that would have good cata-
lytic activity. There is. little pure silica, clay or sedimen-
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TABLE 7

Chemical Analvsis of Pampa Piysis Drll Cuttings
NaNU, Na 50, K Ca €0, Insclu
Hole No, Sample Meteri ) iy iy % kS ) bie %
4634-1 k 0 - 0.5 2.6 11.14 39 289 079 7.2
- 2 0.50- .80 b2.7 6.60 .03 122 Lol Y35
“ 3 0.60- 1.30 5.6 9,22 093 077 136 7604
“ 4 1.30- 1.70 10.6 57 82 092 12 el
: 5 1.73- 2.10 88 711 071 1.08 256 75
" 1} 210 2.58 51 1.06 022 L 1S 9.9
7 2.50- 2.50 1.4 1.95 0.48 L1} L0 BOS
g 8 2490~ 3.30 8.7 4.24 1.3 0.7 323 792
'-’ 9 333~ 370 0.5 1,38 068 102 613 824
“ 10 3.70- 410 4.2 2.58 086 102 D087 BS54
“ i 4.10- 4.50 3.7 12.67 0.24 a7 LB4 61.4
” 12 4.50- 4.90 6.3 7.94 .34 045 207 685
* 13 4,90~ 5.30 6.2 6.15 029 028 119 726
v 14 3.30- 570 10.1 2.16 011 620 2.2 55.6
“ 15 3.70- 6,10 4.9 1.27 0.06 030 1.86 967
g 16 6.20- 6.60 23 2.73 028 025 097 967
’ 17 6.60- 7.00 1.2 {90 003 0.23 128 9sd
v 18 7.00- 7.40 1.1 (.95 0,13 027 2.04 954
g 19 7.40- 7.80 1.2 0.74 004 018 131 95,9
y 0 7.80- B.20 1.1 0.85 0.2 618 32 964
" n 8.20- 8.60 1.0 1.35 005 412 §2.4
" 22 B.60- 2.00 1.0 2.22 0.04 0.10 — 85.2
’ 23 9.00- %.40 1.0 0.02 0.27  n1d — Gt 7
p] 9.40- 9.80 1.0 0.t8 0.03 0.0 - 96.2
25 9.80-10.2( 1.0 0.21 060 609 — 56.6
* 26 1{L20-10.60 1.0 0.18 002 008 — 96.6
" 27 13.60-11.00 1.0 0.19 0.00 007 — 9.8
’ 28 11.00-11.30 1.0 0.10 001 e — Y65
' 2 11.40-11.50 1.0 2.28 005 nos . — 95.6
v X 11.80-12.20 1.0 0.23 00> 016 — 34.5
' il 12.60-15.00 1.¢ 0.52 003 .19 — 96.1
g 32 15.60-18.60 1.0 0.39 002 0.5 G6.8
" 33 18.60-21.60 0.3 N3 002 032 en 96.2
' 34 21.60-24.600 0.3 1.41 002 034 — 458
' a5 24.60-27.00 0.9 n.sz2 002 (18— 96.2
" k! 27.60-30.60 0.3 1.87 002 008 - 96.8
37 J.60-33.60 0.1 0.21 0.02 006 — 86,7
' 38 33.60-36.60 0.1 0.2} 001 o.06  — 96.7
y 39 36.00-37.90 0.1 0.23 001 0.09 - 96.1
’ 40 37.90-39.¢0 0.1 .14 0.02 007 — 87.1
“ 41 39.00-42.60 0.1 0.26 002 007 - 96.13
‘ 42 32.460-45.60 0.1 .15 1X)}} {05 —_ 965
' 43 45,60-4K.60 a1 .76 0.02 006 — 96.2
' 44 48.60-31.60 0.1 0.17 601 007 — 93.2
" 45 51,60-54.60 0.0 0.006 000 004 026 957
' 46 54.60-57.60 0.0 (.00 000 004 0.23 963
. 49 6.3.60-66.60 0.6 0.2% 08 007 4380 963

tary ¢type material on the susface. Finally, and by far most
importantly, the frequent fogs that cover the ares could
wash the nitric oxide or nitrate from the catalytic surface,
thus allowing the active sites to be re-exposed and cap-
ture the aitrale in solution where it could flow downward
and accumulate. Thus, only areas with these, or simiiar,
conditions could collect nitrates, and possibly form de-
posits, There are very few such arcas in the world.
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Once the nitric oxide formed it would oxidize to mi-
trate, as happens in commercial nitrie acid plants,
Again, moisture in the fog would be a necessity; 2NO, +

02 + Hzo hd ZHNO;

The nitric acid that was formed would then slowly

leach any rocks it coniacted, such as with limestone:

JHNO, +— Cal0y ~ Ca(NQy) + CO; + H,0.
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TABLE &
Ratio of Severai Ions in Chilearn Nitraie and Various Pussible Source Matcerials
Chilean Nitrafe Ore Grognd Water
Maria
Flena, Pedro de  Humberstone, Salar Ania- Trpleal
fan 1973 Valdivin, Baguedans  Tng. de fagasta Sea Rein
Ratia typical 1952 Avg. Average Pineda Atacama  Fog Water  Water
Na: K 17 1 8.3 —_ 4.3 30 28 3-10
Nu: Mg 22 41 2.4 — 8.5 3 8.3 3
C1:50, 0.52 0.5% 2.1 0.46 5.0 i.44 12 D3-3
(1: MO, 0.68 0.61 206 8 — 242 5108 —
Cl: B0~ 8.9 10.8 8.3 — 71 - 108 —
Cl:1 112 87 2.4 - — -— 4105 103
Ch:Br >3-10° o @ @ = — 300 50-100

OBSERVATIONS: Groundwater under the deposit has @ surprisingly similar ratio of ions o the nitrae
are, except Tur reduced quantisies of nitrsie and iodine. Also, the Antofapasea fog mincral ratlos are quite
similjar 19 the ore. The salt content of ocean water and geneval {from other countries) rainwater, on the other
hand, does ot appear similar {o the nifrate ore’s fon ratios, This leads to the interesting speculation that a)
the groundwater may have been the source of the ore's minerals {except nitrate} threugh cupillary evapora-
don and evaporation in adjacent salars, and b) wind blewn dost may have carvied the nifrate ore saits tw all
parts of the depnsii through direct placerment and condensaticn of the fog.

Later, when the calcium nitrate contacted salt cake
{Na,50,) it would react 1o form gypsum and sedium ni-
trate:

CEI.{NOg,)ﬂ + NEESO4 e Ca.504 -+ ZNa";O_;
There would also be some reaction with salt:
HNO; + NaCi — NaNO, + HCL 1

since hydrochloric acid is somewhat more volatile than
nitric acid.

Much of the MO, ot nitrate that was formed cven in the
Atacama Desert would be lost. Re-volatilization would
represent the greatest loss, both from the original gas and
from the inittal dilute solutions. Although the nitrate
area temperatures are not extremely high, some thermal
driving off of nitrogen oxides from solids or liquids would
be incvitable, Also, whatever small amount of arganic
matter there was in the soil would be oxidized, thus re-
sulting in a further nitrate loss. As noted earfier, in most
deserts of the world this would be encugh to destrov all of
the nitrate, because organic matter would be formed at a
faster rate than the nitric oxide. This was probably also
the case in masi of the higher Andean areas. Only the
non-vegetated and foggy zones could allow the nitrate to
accumulate,

As a final means of nitrate loss, some could escape in
solution through river drainage to the ocean. The sumn to-
tal of ali of these losses makes the possible 200,000 year
deposit formation period appear to be compatible with
the theoretically much faster formation time of the nitrie
oxide production experiments,

With this nitrate formation mechanism in mind it is
interesting to see if it fits the known occurrences of nitrate
elsewhere in the world. Nitrate has been reported in tuff-

aceous rocks in the Atacama Desert. Assuming the tuff to
be photocatalytic, the comparatively large surface area
would be a natural site for photochemical nitrate forma-
tion, and the nitrates could later be washed into the rock
structure and then inte the adjacent soil. However, wind-
blown mineral dust could also account for the nitrate and
the other soluble constiinents present.

The North African nitrate deposits are in an area of
water ouierops (i.e., a 100-mile iine of oases in Libya near
its smaltl deposit) in an extremely arid poriion of the Sa-
hara Desert. It is not certain, but possibly ground fogs
could occur near the water secpage area for part of the
vear, If so, this would provide the same mechanism for
mitrate formation as in Chile, and thus lead to limited de-
posits. There is no vegetation, except near the water out-
crops, and almost no rainfall {l.e., one storm typically
with less than 10 mm meisture on about a 20-year aver-
age).

A similar situation may have occurred on the desert-
ke western side of the San Joaqgein Valley in California.
It has been reported that nitrate existed in the top four
feet of the soif prior to the area heing brought under irri-
gation. This nitrate could have resulted from bacterial
action or plant debris, but with the heavy Tule fogs in the
area, possibly it also could have been pastly formed by
photocatalytic nitrogen fixation. These speculated exam-
ples, and even the labaratory tests, are not conclusive as a
mechanism for the occurrence of nitrate in the Chilean
deposit, but the datfa fits reasonably well, and perhaps
provides a playsible theory to explain these nitrate occur-
rences and why such a deposit has not been formed else-
where,

Theory on the Origin of the Yodate, As puzziing as the
nitraie source is, the iodate is even more unusual, People
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Chifean Nitrate Deposits

have specutated that it came from seaweed or marine or-
ganisms. Others have claimed it originated from seawa-
ter spray or atmospireric gases; all would appear o be
highly improbable. There is very little todine in seawater,
both in the surface laver and below {0.05 ppm}, and in s
spray. lodide accumulation presumably from kelp and
ather marine organisms has occurred in a few brine sup-
plies (usually containing 100 ppm of iedine or less) asso-
ciated with peiroleum reserves (where known marine life
decomposition ocearred}.

Also, iodide 15 known to occur in some hot springs or
magmatic sources, Because iodide salts are generally
quite soluble, they would be expecied to stay in solution
and concentrate in evaporaring waters. For instance, the
brines of Searles Lake. California contain perhaps
100,000 tons of fodide (Garrett, 1959), which probably
came from only one thermal spring over the past 35,000
years or 0. There is a reasonable fracrion of that in the
Chilean caliche depesits, which probably had a much
longer formation time, and was fed by more hot springs
along the Andes.

Also, the Atacama Desert has a number of metallic io-
dide locatlions. For instance, marshite, Cul, is found at
Chuquicamata, the gigantic copper mine above the east
and center of the nitrate zone, lodyrite, Agl, is found at
Chancariifo, Artacama and Carocoles, Antofagasta.
Other iodide vccurrences in the area have been reporied.
Such minerats may have been alteration products of the
original ore or have originated trom magmatic sources of
iodine, Finally, the present ground water under the ni-
trate fields and the upper salar brines contain some io-
dide, probably originating from the mineral springs.

Once the iodide was in the nitrate deposit, some un-
usual chemistry toek place, The deposit is slightly basic
and totally in an oxidized state {there is nitrate and no
organic matter}. This could have allowed a caralytic pho-
tochemical oxidation to take place that is well known i
the taboratory (Fujishima, 1971}

217 — mhv = I,

The iodine formed would immediatzly react with the al-
kaline solution to produce 01—

I, + 20H" — Of~ + 1~ + H.0.

The O~ would in turn react with additional iodine to
form iodate:

2L, -+ OI" — 40H- — JO7 + 41~ + 2H,0.

The iodide ion that was produced along with the iodate
watld remain in the degosit for additional.photo oxidiza-
tion, and eventually all of the iodide would be in the
todate form. This iodide phutochemical oxidation is a
much studied, classical reaction (Adamson, 1975). The
hyperiedate reaction is fast and actomatic, while ihe
iodate formation is stow. However, it is & normal end
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result of I and 107 being present in solution together,
making the entire sequence fairly plausible chemically
(Pauling, 1975}, The reason that it hasn't occurred else-
where, such as at Searles Lake and in petroleum brines, is
due fo the presence of large amount of organic matter in
these and all other sourees which would immediatcly rve-
duce the odine and hyperiodate as it was formed. Also
these solutions are generalty slightly acidic, In the Chil-
ean nitrate deposit there are no erganies or other redue-
tng agents, the solutions are basic, and therefore the
iedate ion remains stable.

Theory on the Origin of the Perchlorate. The same the-
ory that was apphicd to the lodate could account for the
formartion of perchlorate. The photochemical axidation
of chioride to chlovine is not as rapid or easily accom-
plished as the todide reaction, but it does occur in the
taboratory, has also been thoroughly studied and its en-
ergy requiremenis developed. Once any €Iy had been
formed the same subsequent sequence of reactions would
naturally occur, with one additional step. With moderate
temperatures, or over a long time, chiorate would auto-
matically convert into perchlorate:

40105 > 3CI0y + O

The chloride photochemical oxidation requires mach
more energy to form and thus would occur less frequently
than the jodide oxidation. This accounts for the more
modest guantities of perchlorate that are present. The
reasons for the exclusiveness of this deposit for these re-
actions compared to other chloride brine deposits are the
same as for the jodate occurrence. Howaver, the very high
altitude and clear air probably also played a part in sup-
plying the higher energy photons needed for this photo-
chemical reaction.

Theory on the Origin of the Chromate, The origin of
the small chromate content of the ote probably comes
from one or bolh of two sources: 1} leaching of chromate
containing rocks or ores, and 2) thermal springs. Orher
anthors have suggested the leaching of shales containing
about 100 ppm of chromate. The chromium ion would
then bhe oxidized by the ivdate or chiorate ioas to the
chromale state. ‘The basic oxidizing nature of the nitrate
brines would keep the chromium in the chromate
(CrOZ7 ) form.

However, there is also an analegy once again with Scar-
les Lake, which contains the U.S.'s largest reserve of
tungsten as a dilute minor component. At least a fourth
ot its content came from a thermal spring feeding the lake
{Garrett, 1939}, It would be just as possible that the chro-
mate (instead of tungsten) came {rom a Chilean hot
spring feeding the nitrate deposit. It is unfortunaze that
its exact sougree is ot known, but it is very easy to believe
that this highly seluble and stable ion could be present in
alkaline, oxidizing brines in this richly mineralized area,
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METHOD OF ORE PLACEMENT AND
DEPOSITION

This feature of the Chilean nitrate deposit has ap-
peared to be the most troublesome to most investigators
and consequentiy has led to the most unusual and speca-
lative theories for its origin. Unfortunately, this theory,
like the earlier ones, can find no means of proving the
method of placement. However, it is proposed that capil-
tary action and dust transport are both logical transport
phenomena and could fully explain the minerals loca-
tion.

The theory as stated to this point proposes that the ai-
rate in the deposit formed on the sarface of “caralytic”
rock or sand particles. Fog and the occasional rains
washed it into the soil, water courses and playas. All of
the ather constituents came from rivers, volcanic springs
and salars in the higher Andes. They drained into the ni-
trate valleys through rivers (Rio Loa, etc.), faults and
fractures, aquifiers and the occasional overflow of higher
basins,

It is specalated that these factors led to a sifuation
where conditions were ideal for surface {in the lower sa-
iars) and capillary evaporation to crystallize salts in some
of their present locations, The nitrate salts are highly hy-
groscopic, and once deposited, during the fogey periods
should have condensed enough moisiure to have at feast
partially dissoived the surrounding saits. Upon re-drying,
capillary motion would occur, and the salts would mi-
grate to higher ground. In this manner the hygroscopic
nitraies would help to provide moisture for all of the salts,
thus aiding in mixing and spreading the minerals over the
areas near salars and high water tables,

Examples of such capiliary action are gquite common in
nature today, but on a smaller scale, and usually without
the fog's assistance to increase the rate and completeness
of rranspori. Underground waters have formed sodium
carbonate-bicarbonate capillary “reefs” one to two me-

ters high at the edge of Searies Lake. 3alt solutions in-

many areas have generated one to two-meter-high capii-
lary formations such as the “Dexils havstacks™ in Death
Valley and the massive sait heaves at the Salar de Ata-
cama, A closer example is the low sand dunes a few km
south of Of, Vietoria in the Aracama Desert which have a
K-NaNQ; crust. The only source of these salis would be
the nearbv valleys or salars, such as the Salar de Bel-
lavista. Here the capillary migration and evaporation s
quite easily seen, and this in a comparatively dry period.
Similar effects are quite noticeable adjacent to the tailing
ponds of the current nitrate operations, and in the forma-
tion of surface crusts by capillary action from the Salars
dei Carmen and de Lagunas.

The capillary transport of the minerals from the local
safars and the ground waler to the adjacent areas would
depend largely upon an vnusually porous soif strueture
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and a high ground water table. Tables 3 and 4 provide
detail about the plant water source used by the niirate
operations (Oficlans, or Of.) in one area, It is likely that
this ground water structure is typical of the Central Val-
ley. Ground water occurs extensively in the nitrate area,
and the watey table is high. Table 6 shows the zo0il struc-
ture of a water well in the same area. It is generally po-
rous and has no impervious seams until below the warer
tabie. Also, it is predicted by archeologists that vegera-
tion has cycled in the Central Valley. Varicus Indian cul-
tures have prospered or declined, probably based npon
the water table and the fog or rain density.

During perinds of high water tables the upper soils
would aet as a wick, and the ground water would evapo-
rate, bringing its salts with it. The various salts, includ-
ing gypsum and limestone, would precipitate at or near
the surface and slowly accumutate. With the hygroscopic
nature of the nitrates assisting in providing more mois-
ture at the surface, the capitlary, or wick, distance would
be greater, and more soils, including higher ground,
would be effected. In tis manner part of the nitrate area
would act as an “opside down” salar, with the evapors-
tion bringing mineral-laden waters up. Also, a few of the
lower valieys would have been flooded intermittenily, as
they are now, and these salars would have assisted with
the evapotation and mineral deposition,

A major difference with capilfary rather than lake
evaporation is that all of the salts would crystallize in the
proportion that they exist in the water, and there would
be no concentration of ihe more soiubie iens. This ac-
counts for the constantly present, more modest concen-
trations of gypsum and limestone, rather than the mas-
sive fayers of these sparingly soluble minerals that
normally form from the evaporation of sea water or large
lake Basins. Tt also explains the lack of salt jayering, zon-
ing and massive accumulation of individual miperals. Fi-
nally, such a water source would supply much lower con-
cetitrations of organic matter to consume nitrate than
would salars. '

Ia this manner, during periods of high water tables
there would be an accumulation of saits at or near the

ground surface. Later, rains would wash these salts down

ta their present levels. During the life of the deposit this
cycle would have been repeated over and over, slowly ac-
curaudating the quantities of minerals that are present to-
day, This cyclic repetition at times would also provide
enough water in local zones to dissolve and recrystallize
the salts, such that some segregation based upon relaiive
solubility could have occurred. This would have ac-
counted for ihe rapid change in chemical analysis of the
ore pver short intervals, However, the repeated accumu-
lation cyele would have greatly smeared this effect, so
that little evidence of fractional crysialiization can be
seen. Variable soil permeability would explain the differ-
ences in ore thickness and grade. Different faulr paths,
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Chifean Nitrate Deposils

fractures and water sources would explain the major min-
eral differences that oceur in various areas. For instance,
higher magnesium-containing water sources would have
fed the nitrafe areas with g higher magnesium content,
and the same for locations with higher sulfates, ete.

For most of the deposit, however, the distance from the
water source te the final mineral location is too great for
capillary migration, and 2 second mechanism is needed
ta explain the distribution of the minerals so evenly
throughout the deposit and for reaching many of the ni-
trate zones. It is proposed rhat this came about by the
variable direction winds of the Atacama Desert. They
generally stay within the basin, and there are compara-
tively infrequent winds out of the general nitrate area.
Onee the nitrate mineral deposit had formed on the sur-
face of salars or capillary evaporation areas, the winds
would blow some of it as dust randomly throughout the
arca. Some dust also would become trapped in the fogs,
further assisting in the spreading effect. Once redepos-
ited, the fog and rain would again wash it inte the soil,
just as the minerals from capillary migration. The ex-
ceedingly long formation time of the deposit would have
altowed the wind and fog to aid the capillary action in
spreading the minerals fairty uniformly over wide areas.
Wind-blown erosional and depositional features are very
apparent in the area, and it would be inescapable for the
fiftrate ore to be part of the windblown debris. Further-
more, minerals deposited on the surface of capillary
structures are often light and powdery and would casily
be windblown. Data such as the present fog condensate
mineral compaosition are further evidence of such caliche
dust pickup and eventual re-depositios.

SUMMARY

A theory is proposed for the formation of the Chilean
nitrate deposit involving two sources of mineral supply
and two methods of ore placements, [t is suggested that
the nitrate came from the photocaralytic oxidation of ni-
trogen on various sand and rock surfaces that exist widely
in the area. Fogs then washed the oxides from the mineral
surface and captured them in the soil, where they were
oxidized further. Laboratory experiments have indicated
this to be possible on rocks and sands containing tita-
nium, iron, ctc. at a sufficient rate to account for ali of
the nitrogen in the deposit. lodides and chlorides in the
deposit could also huve been photo-oxidized in the
slightly basic, organic-free, oxidizing solutions to form
first the element and then iodate and perchlorate, respec-
tively. Next, it is proposed that the other mineral constit-
uents of the deposit were derived from hot springs and
run-off water from the adjacent upper {(volcznic) area of
the Andes. They conid have been transporied to the sa-
lars in the nitrate ore areas, or the aquifiers under them,
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by rivers, faulis, aquifiers and occasional mineral-con-
taining basin averflow.

This theory visualizes that the are became placed in its
present position by both the capillary action of brines ris-
ing through the very porovus soil from high water Ltables to
evaporate and deposit saks at the surface. 1t also formed
and traveled by capiflary action from salars and basins in
the area. Periodic rains washed the salts to their present
depth, and the cvcle was repeated numerous times. The
hygroscopic nature of nitrates greatly aided this move-
ment. The active, variable direction, local winds were re-
spomsible for spreading windblown nitrate mineral dust
fairly uniformly and completely over the entire uitrate
area. Solufion and capture of the mineral dust in the per-
vasive fogs of the Atacama Desert also aided in the com-
paratively uniform placement of the ore.
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