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ABSTRACT

The Salar de Atacama in northern Chile
accumulated halite during the Pliocene and
Quaternary under conditions that alternat-
ed between a saline lake and a dry salt flat.
Hidden beneath its uninterrupted flat sur-
face is the Salar fault system. The halite de-
posits provide a high-resolution history of
deformation. Contours on the ca. 5 Ma base
of the halite unit in the southern salar, de-
fined in a deep oil-exploration borehole and
traced through reflection seismic lines, re-
veal that net reverse offset across the Salar
fault system is down-to-the-east by~900
m; of that total, 200 m occurred during the
Quaternary and 700 m during the Pliocene.
Distributions, thicknesses, and geometries
of eight stratigraphic sequences within the
halite unit reveal a history of episodic fault-
ing and demonstrate that faulting during
approximately half the 5 m.y. interval, in-
cluding the Holocene, did not generate fault

by evaporation of ground water brines in
the salt flat, rather than either dissolution
or deflation, has smoothed the topography
of the dry lake bed across the active fault
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zone. For the case of west-directed ground-
water flow, we propose that the east-facing
Salar fault system focuses groundwater flux
along the eastern flank of the fault, which
enhances halite precipitation in the down-
thrown block during desiccated stages and
counteracts fault-driven topographic relief.
The realization that a seismic risk may exist
even though the Salar fault system is hid-
den leads to the appreciation that similar
unrecognized seismic risks may exist in
more populous arid basins.

Keywords: active faults, Andes, geomor-
phology, halite, lakes, sequence stratigraphy.

INTRODUCTION

reduced or eliminated by sediment accumu-
lation on the flanks of, and even over the crest
of, such a fold (Lettis et al., 1997). We present
an extreme case of active faulting and folding
with no topographic expression in the Salar de
Atacama, Chile, which is an evaporite pan.
Lettis et al. (1997) investigated whether
major reverse earthquakes are sometimes
completely a surprise to well-trained Quater-
nary geologists where neither folds nor faults
of Quaternary age are visible at the epicenter,
a condition that geologists refer to as “truly
blind.” Lettis et al. presented data for inter-
plate zones (like Salar de Atacama) showing
that ~90% of reverse earthquakes of magni-
tudes greater than Mw 5.9 occur along a Qua-
ternary fault or fold that a geologist could
have identified prior to the earthquake. The

A commonly held assumption is that activeremaining 10% of such earthquakes occurred
faulting and folding creates vertical offset ofwhere geologic information is insufficient to
the Earth’s surface that calls attention to thgudge seismic risk. Lettis et al. (1997) suggest
youthfulness of the faults and folds (Kellerthat the remaining 10% of such earthquakes
and Pinter, 1996). Much of the geologic studyoccurred where geological information is in-
scarps. We suggest that deposition caused that is the basis for earthquake-hazard assesssfficient to judge seismic risk, but where sur-
ment starts with mapping of the landform ex-face deformation is probably recognizable. In
pressions of faults (Lettis et al., 1997). Indeedc¢ontrast, they found that90% of intraplate
in our northern Chilean study area, manyearthquakes could not be detected by Quater-
Pliocene—Quaternary folds and faults haveary geologists and are “truly blind.”
clear topographic expression, such as the Cor- Deposition adjacent to or across actively
dillera de la Sal (Fig. 1) (Jolley et al., 1990;deforming structures is typically dominated by
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gition referred to as a blind fault, although thestream systems terminate in closed basins and

ronmental Sciences, Lehigh University, Bethlehemfold is usually quite visible. The landform ex- the climate is arid, evaporite deposits can con-
pression of the ongoing deformation may bestitute the syntectonic or “growth” strata. For
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Figure 1. Digital elevation model (DEM) of the Andes Mountains and flanking lowlands, high-resolution DEM of Salar de Atacama in
the Andean forearc, and drainage basin map. (A) Shaded elevation model of northern Chile, northwest Argentina, southern Peru, and
southwest Bolivia, constructed from GTOPOS data. The international border of Chile with Bolivia and Argentina approximates the
position of the Andean volcanic arc. (B) Surface geology and drainage basin of Salar de Atacama, showing that the principal surface
streams feeding the salar enter from the north and east. Geologic units from Ramez and Gardeweg (1982). (C) A shaded DEM
constructed from radar interferograms from successive passes of the European Space Agency radar satellite. Topographic scarps at
margins of Cordillera Domeyko, Cordillera de la Sal, and Cordm de Lila are clearly defined, but no similar feature is visible within

the desiccated salar. Gray scale is displayed such that very minor “ripples” are visible in the salar area and the seams between adjacent
scenes are visible, to enhance even the slightest topographic features (“ripples” are due to contrasting atmospheric conditions between
the two days of radar data acquisition). S—dark areas that are brine pools of SQM S.A.; L—brine pools of Sociedad Chilena de Litio
S.A.; LP—Llano de la Paciencia; Tilo.—Tilocalar Valley. Also marked is the location of the petroleum exploration well (“X”) that pene-
trated through the full halite unit, and three shallow boreholes (dots) studied in detail by Lowenstein et al. (2002) and Bobst et al. (2001).
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the case described here, halite accumulatiomarginal zones of mixed siliciclastic, carbon-a fold hinge, implying continuity between the
has masked all landform expression of faultate, and sulfate sediments (1300%rand a rocks that crop out in the Cordillera de la Sal
and folds across which hundreds of meters ofentral nucleus of nearly pure halite (1700and the subsurface of the salar. Likewise, seis-
vertical offset occurred during the Pliocenekm?) (Fig. 2), referred to in the literature asmic reflection profiles that cross the Cordillera
and Quaternary. Tens of meters of offset durthe halite nucleus (Moraga et al., 1974). Theale la Sal where it has minimum topographic
ing the Holocene created no topographidargest marginal sector (40 knx 30 km) relief reveal continuity of the folded strata into
scarp, although high-resolution seismic reflecforms the north end of the salar. Deposition irthe subsurface of the salar. To the south, Pa-
tion data reveal that scarps likely existed durthis northern marginal zone is controlled onleozoic rocks of the Cordo de Lila range
ing certain intervals of the Pliocene—the west by stream flow and groundwater fromiorm a north-plunging anticline that protrudes
Pleistocene. the Rpo San Pedro, which contributes silici-as a peninsula into the halite nucleus. The

Deposition in this arid, closed-drainage ba<clastic detritus, and on the east by ground*embayment” to the east of the peninsula, the
sin occurs under two markedly different stateswater fed from streams entering from the eastilocalar Valley, is covered by ignimbrites and
At times of relatively wetter climates, halite (Figs. 1B, 2A). The halite nucleus receivesises steadily southward in elevation to the
precipitates from concentrated brines in salgroundwater from aquifers, whose sources areolcanic centers of the Andes. A set of faults
lakes. The deposition rate under these condin the Andean Cordillera to the east and southwith Quaternary offset is well demonstrated to
tions is a function of volume and salinity of east, and surplus from the northern marginadtrike north to north-northwest through the
inflow water, evaporation rate, lake-water vol-zone (Alonso and Risacher, 1996; Moraga €Tilocalar Valley and Cordo de Lila peninsula
ume, and lake-water depth. At times of relaal., 1974; Bevacqua, 1991, 1995; BevacquéNiemeyer, 1984; Gardeweg and Ramirez,
tively drier climate (which prevails today), ha-and Chong, 1995). The halite nucleus is d982), projecting toward Salar de Atacama
lite precipitates from the evaporation ofhighly irregular surface because it very rarely(Fig. 2). These are moderate- to high-angle re-
groundwater brines at the upper surface of thBoods with surface water (Moraga et al.verse faults (Kuhn, 1997). The “embayment”
groundwater system. That strata accumulate ih974); major sectors of the halite nucleudo the west of the peninsula rises southward
this desiccated depositional environment is litprobably have not flooded for hundreds ofover a divide near 3000 m toward another
tle appreciated (Lowenstein et al., 2002). Iryears. The groundwater table 4s1 m below closed topographic basin, which holds the Sa-
the Salar de Atacama, seismic reflection datdne surface over the entire halite nucleus (Id&ar de Punta Negra.

reveal that the total thickness of halite locallyand Kunasz, 1989). The Salar de Atacama formed in a large,
reaches 1500 m, and a major fault traverses Mean precipitation (mostly summer rain) inunique low in the regional topography of the
the center of the salar. the center of the salar is10 mm/yr. Greater volcanic arc and forearc region (Isacks, 1988).

Here we document that a reverse fault zongyrecipitation falls on the Andean peaks northThe large dimensions of the low imply an or-
the Salar fault system, generated major vertisouth, and east of the Atacama basin, angin that is at the scale of a major crustal or
cal offset (~200 m locally) of the Salar de stream flow and groundwater from those highlithospheric feature. Deformation along the
Atacama lacustrine strata during the Quaterelevation zones supply the Salar de Atacam&alar fault system, on which this paper focus-
nary interval, including an estimated 15 m ofdepositional system (Alonso and Risachegs, is probably an order of magnitude smaller
vertical displacement during the 9000 yr spari996). Potential evaporation greatly exceedthan the offset on the feature(s) responsible for
of human occupation of this region (Lynchsurface-water input. the Atacama basin. However, the Salar fault
and Stevenson, 1992). Furthermore, we dem- The Atacama closed basin is a peculiar tosystem may be one of a family of faults that,
onstrate that a genetic relationship probablpographic low perched on the western flank ofogether, generated the Atacama basin. Faults
exists between the fault and the enhanced athe Andes (Fig. 1A). The Andean volcanicwest of Salar de Atacama (in the Cordillera de
cumulation of halite on the downthrown faultchain deflects to the east around the topda Sal, the Llano de la Paciencia, and the Cor-
block, which created the unusual situation ofyraphic low, whereas the western margin iglilera Domeyko) that had significant offset
aggradation of a flat evaporite depositionatonfined by the Cordillera Domeyko, whichduring the Miocene and Pliocene may be cou-
surface that masks the potential seismiexposes Paleozoic and Mesozoic rocks. Theled to the Salar fault system (Manp et al.,

hazard. topographic basin is divided by a low but lat-2000).
erally continuous range, the Cordillera de la Beyond the rugged small-scale relief of the
PHYSIOGRAPHY AND GENERAL Sal, into a broad eastern sector, floored by thiealite crust (up to 1 m relief over horizontal

GEOLOGY OF SALAR DE ATACAMA salar, and a narrow western sector, the Llandistances of 1-2 m, caused by crystallization
de la Paciencia (Fig. 1C). East of the salar, thtom groundwater), surface elevations of the

Salar de Atacama is a dry lake bed in théAndean slope is underlain by latest MioceneSalar de Atacama show almost no variation.
forearc of the Andes Mountains of northernand Pliocene ignimbrite volcanic rocks, whichEven digital elevation models constructed
Chile (centered near 230'S, 6815'W) (Fig. are buried near the salar margin by alluvialfrom radar interferometry (vertical resolution
1). The Atacama basin lies within the Atacafan deposits. Over most of the length of the2-3 m) (Fig. 1C) reveal no scarps in the salar,
ma desert, one of the driest deserts on Eartalar, no topographic barriers separate the igdthough the data resolve a gradual decrease
(Miller, 1976). The ternsalar refers to a des- nimbrites from the salar, so it is assumed thah elevation from the detrital clastic deposi-
iccated lake covered with evaporite depositsthe ignimbrites continue in the subsurface ofional systems of the northern marginal zone

Salar de Atacama, an essentially flat plaithe salar. The Cordillera de la Sal expose® the halite nucleus. The Salar fault system,
at 2300 m elevation in the bottom of a closedOligocene—Pliocene strata that are stronglgiscussed at length subsequently in this paper,
drainage basin (the Atacama basin) (Fig. 1)olded and faulted (Hartley et al., 1992; Flintdoes not have a topographic expression in the
receives detrital clastic sediments and watest al., 1993; Naranjo et al., 1994; Nom et halite nucleus, which probably explains why
largely from the north and east. The flat plainal., 1997; Mpodozis et al., 2000). Locally thethe fault system does not appear on numerous
is nearly 3000 krhin total area, composed of eastern boundary of the Cordillera de la Sal igeologic maps of the area (e.g., Ragaiand
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Gardeweg, 1982). The only published report tail (Figs. 2, 6) for paleoclimate reconstruction

of the Salar fault system was the work of Flint OE (cores 2031, 40 m long; 2005, 100 m long;

et al. (1993), who studied the same seismic the upper 200 m of 2002). The chronology of

lines reported here. In contrast, in the south- the most recent 325,000 yr is well defined by
ward extension of the Salar fault system be- > U-series dates of halite in these cores.

yond the salar, individual fault scarps in the N The boreholes show that halite is the dom-
Tilocalar Valley reveal several tens of meters Truncation inant rock type below the Salar de Atacama
to 200 m of offset of a 3.2 Ma ignimbrite to depths of many hundred meters. The

(Gardeweg and Ramirez, 1982; Niemeyer, M Toconao-1 oil-exploration borehole penetrated

1984). No folded strata adjacent to the fault a unit dominated by halite to a depth of 980
system are visible in satellite images and ae- Downlap ' m. On the basis of drill cuttings and wireline
rial pho_togra_phs of tht_a salar, although fqld%:igure 3. Terminology of the cross-sectional logs, detrital clastic sediment_s are a significant
are obvious in Thematic Mapper satellite im- . : : .. component of that halite unit only from 480
ages where the Cordillera de la Sal rises a fe\%eomgtrlcal relationships betweer_1 Seismic to 620 m depth (Mliloz and Townsend, 1997).
. _reflections that are used to subdivide the . . ) '
meters above the salar surface. Thus, Lettis %Trata into stratigraphic sequences and that Lateral mapping of the halite unit through the
al. (1997) would classify the Salar fault SYS"aad to interpretations of topogaraphic relief seismic grid reveals that the halite unit is
tem as a “truly blind” interplate reverse fault. T(_a: pretatic pograp " ~1200 m thick near borehole 2002, 1500 m
e numbers signify temporal order. o .
thick in the center of the halite nucleus, and
SUBSURFACE DATA SETS AND locally >1800 m thick (although perhaps not
MAJOR LITHOLOGIC PATTERNS aries coincide with changes in rock propertiegonstituting a halite facies) near the north end
registered in wireline log data for the Toconao-of the salar (Fig. 2B). The 500-m-long bore-
Empresa Nacional del Pétem (ENAP) 1 borehole. Each unconformable surface walsole (2002) in the center of the salar consists
(Chile’s national oil company) and its partnersdraced among the multiple seismic lines toof halite, very minor interbeds of gypsum, and
collected seismic reflection profiles over muctproduce a complete description of the spatiah few horizons with a volcanic ash component
of the Salar de Atacama for the purpose of oiextents of reflection packets bounded by un{Bevacqua, 1991). Drilling of 2002 stopped
exploration (Fig. 2A). The~600 km of seis- conformities and their conformable lateralbefore the base of the halite was reached.
mic lines consist of east-west—oriented proequivalents, referred to as stratigraphic se-
files (spaced only 5 km apart in the halite nuquences (i.e., Cross and Lessenger, 1988). AGE CONSTRAINTS
cleus and slightly farther apart in the northerrEight stratigraphic sequences are distin-
marginal sector) and tie lines of north-southguished within the halite unit (Figs. 4, 5). The U-series dates of halite in SQM boreholes
northwest-southeast, and northeast-southwesiicknesses of the eight stratigraphic sequen@002 and 2005 set tight limits on the history
orientations (spaced at variable intervals, types (converted from TWTT to meters) wereof the late Quaternary deposition (Figs. 6, 7).
ically 10—-15 km apart). The depth to the basenapped by using a seismic interpretatiof-or example, those dates and thicknesses re-
of the halite unit (980 m) was determined inwork-station and then adjusted to remove aiveal that the top 100 m thickness of halite in
the Toconao-1 well, which penetrated to 5 kntifacts created by boundaries of the data andore 2002 corresponds t0100 k.y. of accu-
depth adjacent to one of the seismic lines; dataregular grid spacing. mulation (1 mm/yr accumulation rate) (Fig.
from this well allowed the conversion of seis- Subsurface data were also provided by a sé&). Accumulation of the next older interval of
mic two-way traveltime (TWTT) to depth of 38 cores drilled in 1986 by a brine mining halite was not as rapid, as the age of halite at
(Mufioz and Townsend, 1997). A second coneompany, which is now the SQM Corporation.200 m depth is 325 48 ka (0.4 mm/yr ac-
trol point for depth conversion is the 356 mBevacqua (1991) provided extensive descripeumulation rate between 100 and 200 m).
depth to a 6-m-thick ignimbrite (SQM S.A. tions of all the cores then available. Most of Another key chronological control on the
borehole 2106, Fig. 2) which is visible as athe cores were 30—40 m in length, but severadalar deposits comes from SQM core 2106
strong reflection on seismic line 1g022. of them penetrated several hundred metergFigs. 2, 4), which sampled a 6-m-thick ignim-
For this paper, the seismic stratigraphy ofCore 2002, 500 m in length, achieved thébdrite at 356 m depth in the southeast sector of
the upper 1 s of TWTT of seismic data wasdeepest penetration. Core 2106, 390 m longhe salar and then terminated after penetrating
studied in detail (lines shown in Fig. 2A) andpenetrated an ignimbrite along the easteranother 30 m of gypsum (Bevacqua, 1991)
extrapolated to fill the space between the seisnargin of the salar (Fig. 4), for which Bevac-(Fig. 4). The K-Ar date for the ignimbrite, 3.1
mic lines (gray area, Fig. 2B). The positionsqua (1991) presented a K-Ar date that pro== 0.3 Ma, is very similar to ages of major
of unconformities within the halite unit were vides a key chronological constraint throughignimbrite sheets that crop out immediately to
recognized on the basis of truncations and laput the seismic grid. Bobst et al. (2001)the east and south of the salar (Fig. 1B) (Be-
out relationships of reflections (Fig. 3); mostLowenstein et al. (2002), and Lowenstein evacqua, 1991). These two ignimbrites, the 3.1
of the geometrically defined sequence boundal. (2002) studied three of SQM'’s cores in de= 0.2 Ma Patao and the 3.2 0.7 Ma Tuc-

Figure 2. (A) Sedimentary domains of the modern salar. Stratigraphic study focused on the ENAP seismic lines shown, and shotpoint
numbers are given for the lines used in Figure 5. Locations shown of cores studied by Bobst et al. (2001) and Lowenstein et al. (2002),
of borehole 2106 that penetrated a 3.1 Ma ignimbrite, and of the Toconao-1 deep exploration borehole. (B) Thickness map (contours in
meters) of the Pliocene—Quaternary halite unit. Gray pattern shows full spatial extent of the seismic grid on which the isopach maps
are based. Segments of seismic lines illustrated in Figures 4 and 5 are shown as bold lines.
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<
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Figure 4. Principal chronologic constraints on the age of the halite unit. The cross section (eastern part of seismic line 1g022) has
dimensions of horizontal position vs. TWTT (right axis) and shows sequence boundaries and reflections that are interpreted as ignim-
brites. An approximate depth conversion is illustrated along the left axis. Borehole 2106 penetrates the uppermost ignimbrite, and its
K-Ar age (3.1 Ma, Bevacqua, 1991) coincides with that of the Patao Ignimbrite. See text for explanation of the correlation of the sequence
4 strong reflection to the Atana-Toconao Ignimbrite. Borehole 2002, whose penetration depth is illustrated relative to the cross section,
is located ~13 km northwest of the western margin of the cross section. The stratigraphic column at the left summarizes environmental
interpretations as well as additional chronological information given by the U-series dates of halite in core 2002 (details in Fig. 6).
Stratigraphic sequences are numbered near the west end of the cross section.

Ucaro, were produced by two different erup-mic lines 1g018 and 1g022 is that the oldesearliest Pliocene and, therefore, seismic se-
tions (Ranmez and Gardeweg, 1982) and like-ignimbrite underlies the base of the halite unitquences 1 through 7 are coeval with the evo-
ly overlie one another in the subsurface. Aplacing the base of the halite unit youngetution of the caldera systems whose ignim-
prominent seismic reflection (trough) of lowthan 5.8 Ma. However, the age of the oldesbrites blanket the Andes east of the salar.
frequency and excellent lateral continuity oc-seismically defined ignimbrite in the eastern The age constraints reveal that the eight
curs immediately below the two-way travel-sector of the salar is poorly determined, withseismic sequences probably are not of equal
time appropriate to the cored ignimbrite on thepossibilities ranging from the 5.8 Ma Pujsaduration and that sequence 8 was unusually
two seismic lines that pass within a few hun4gnimbrite to other ignimbrites with ages nearlong lasting (Fig. 7). Coincident with the top
dred meters of borehole 2106 (1g022 and0 Ma that are known only in isolated out-of the 3.1 Ma ignimbrite is the boundary be-
Z1f012) (Fig. 2). Our interpretation that thecrops (Lindsay et al., 2001). In addition, seistween seismic sequences 8 and 7 (Fig. 4). The
prominent reflection is the seismic expressiomic sequence 4 likely contains one or moréase of sequence 8 onlaps the top of sequence
of the lower ignimbrite (Tutcaro), which is major ignimbrites, identified near the easf’ both to the west (Figs. 5A, 7) and east (Figs.
likely thicker than the cored Patao Ignimbrite,ends of lines 1g010, 1g022, and 19024, thd, 7) of borehole 2002, implying that 2002 is
provides a diagnostic tool for identifying othersouth end of 1g03a, and in the northern halfocated in what was a topographic low at the
ignimbrites on the basis of similar seismicof line 1g003. Because the sequence 4 ignintime of initiation of sequence 8. The degree
properties. brite is thick and widespread in the eastpf onlap in the central part of the salar is more
The total age of the halite unit is looselysoutheast, and northeast sectors of the salgronounced at the 7/8 boundary than across
defined by the extrapolation into the seismiave correlate it to the Atana Ignimbrite andmost of the underlying sequence boundaries,
lines of several other ignimbrites that are datToconao Ignimbrite pair. The ca. 4.0 Maand the degree of hiatus across the 7/8 bound-
ed north and east of the salar. Near the eagttana and Toconao Ignimbrites correspond tary increases to both the east and west of 2002
end of line 19018, three very prominent re-eruption of the La Pacana caldera, some 6(Fig. 7). A marked change in seismic facies at
flections likely correspond to three ignimbrite-km east of the salar, for which surface expothe 7/8 boundary (see subsequent discussion)
dominated horizons that crop out on the slopesures lead to the estimate that the eruption wauld be construed as evidence of a hiatus
east of the alluvial fans (Fig. 1B): The 3.1 Maone of the largest documented anywheresven in the topographic low. Further insight is
Patao Ignimbrite, the ca. 4.0 Ma Atana ancejecting ~2500 kn% of rock (Gardeweg and provided by the interpretation that the 1.5 Ma
Toconao Ignimbrites, and the 5.8 Ma Pujsa IgRanirez, 1987; Lindsay et al., 2001). TheseCajon Ignimbrite (Ranmez and Gardeweg,
nimbrite (Ranmez and Gardeweg, 1982; Gar-interpretations of subsurface occurrences df982; referred to as the Purico Ignimbrite by
deweg and Rafmez, 1987; Lindsay et al., Pliocene and Miocene ignimbrites indicatede Silva, 1989), tentatively identified at250
2001). A conservative interpretation of seisthat the age of the base of the halite unit isns TWTT beneath the northernmost 20 km of
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Figure 5. (Upper) Segments of seismic lines (A) 1g018 and (B) 1g022 near the Salar fault system (SFS). H1, H2, and H3 are seismic
facies within the halite unit described in text. (Lower) The corresponding line drawings illustrate the eight stratigraphic sequences in
the halite unit that are mapped on the basis of geometric criteria illustrated in Figure 3. Line locations shown in Figure 2. (A) Where
crossed by 19018, the tip of the Salar fault system is below the halite unit, which expresses the vertical offset as a monocline. (B) Where

crossed by 19022, the tip of the fault reaches the base of sequence 8.
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West Salar East nimbrite to the southeast, east, and northeast
margins of the seismic grid suggest that the
ignimbrites interfinger toward the halite nu-

cleus with salar evaporites.

Comparison of the borehole data to the seis-
mic data reveals three different seismic facies
of halite composition (Fig. 5). Although the
lithology revealed in the 500 m thickness of
core 2002 changes little with increasing depth,

+6 the seismic facies changes notably within the
o1 & depth range that corresponds to core 2002.
Tl 140 \ 33+13 The upper 220 ms of line 19018 is character-
- = o6 . . . istically nonreflective (seismic facies H1). Be-
— _! 38+9 low that depth, reflectivity increases. The di-
_i+— 85.4 4 6.3 | i vision between the nonreflective and more
L ﬁqdé +++ - reflective sectors occurs at the base of seismic
80-’+tr 80 ,'++ . sequence 8. With the exception of a pair of
+ 4 + 4 basal reflections, sequence 8 east of the Salar
;Jj ii 2 fault system throughout the southern and cen-
100 L+ 1 g106.1 +6.4 100 J+ tral halite nucleus corresponds to a very poor-
B ly reflective facies, whose few reflections are
Subaerial Halite Crust scale change of high frequency (H1). West of the Salar fault
[P>> 77 7] Perennial Saline Lake 120 ii system, in the northern part of the northern
™R ¥ Ephemeral Saline Lake 11 marginal zone, and near the eastern extreme
Saline Mudflat F+ of the halite nucleus, similar depths are mod-
Saline Gypsum Flat 1607 erately reflective (H2) (Fig. 5B, left side).
854 £65 |laar [+ + Throughout the seismic grid shown in Figure
=227 U-series Age (ka) 5 ii 2A, the halite unit below sequence 8 is highly
200_?? 395 £ 48 reflective (seismic facies H3) and has a lower

frequency than typical of the seismic facies

Figure 6. Summary of halite facies in sequence 8, documented in SQM cores. Boreholedll and H2 (Fig. 5). Although the base of se-

2031 and 2005 are located west of the Salar fault system, whereas borehole 2002 is locatetHence 8 coincides with a facies change in

east of the Salar fault system (see Fig. 2). U-series dates from boreholes 2005 and 20t of the salar, boundaries between the seis-
and comparisons of halite depositional environments at the three sites allow temporal Mic facies are not generally the same as the
correlation among the cores. The top of the perennial saline lake facies, dated as ca. 16.%oundaries between stratigraphic sequences:
ka, is readily identifiable in all three locations. That horizon occurs at similar depths in sequence 8 comprises both facies H1 and H2,
cores 2005 and 2031, but is vertically displaced 28 m across the Salar fault system. From and sequences 1-7 display both facies H2 and

Lowenstein et al. (2002). H3.
The SQM cores and borehole Toconao-1 re-

veal that all three seismic facies are dominated
the salar on seismic line 1g003, traces througBoth states resulted in accumulation of halitdy halite. It is likely that the greater reflectiv-
the seismic grid to a depth £330 m in SQM in the halite nucleus. Similarly, during the Pli-ity of sequence 8 (H2) west of the Salar fault
borehole 2002. Preservation of lower Pleistoecene, a saline closed-drainage system existsgistem and in the marginal zones corresponds
cene horizons implies either that accumulatioand generated a large volume of halite, thougto a greater frequency of interbeds of gypsum
was slow and steady across the sequence 7igle is known about the depositional and detrital clastics than exists within the ha-
boundary in the center of the halite nucleus oconditions. lite nucleus east of the fault zone (e.g., Be-
that a hiatus of duratios=1 m.y. separates the  The distribution of ignimbrites reflects lat- vacqua, 1991). Core 2002 penetrates 110 m of
two sequences. In summary, we interpret thatral facies changes within the halite unit. Fosseismic facies H3 and reveals no profound dif-
sequence 8 approximates the Quaternargxample, lateral tracing of the ignimbrite re-ferences between rocks of seismic facies H1
whereas the salt in sequence 7 is of late Plilector penetrated in core 2106 through theompared to those of H3. But ignimbrites and
ocene age (Fig. 7). seismic grid (Fig. 4) reveals that the 3.1 Madetrital clastic rocks penetrated in the lower
horizon is near 390 m depth in core 2002, buparts of the halite unit in boreholes 2106 and
FACIES VARIATIONS IN THE HALITE no ignimbrite is intersected by core 2002 orToconao-1 reveal that the halite unit below se-
UNIT borehole Toconao-1. At 390 m depth, core quence 8 interfingers with the volcaniclastic
2002 reveals monotonous halite, and haliteocks and detrital sediments so evident in the
Throughout the late Quaternary, the depodominates to the end of the core at 500 ngeology to the north, east, and south of the
sitional environments in the Salar de Atacamaepth (unpublished report by P. Bevacqua tgsalar (Bevacqua, 1991; Ramz and Gardew-
alternated between desiccated conditions (IikEQM S.A. in 1987; also, Bevacqua, 1991)eg, 1982). Drainage changes, gradient chang-
those of today) and saline lake conditionsSimilarly, restriction of the prominent reflec- es, and episodic supply of abundant fragmen-
(Lowenstein et al., 2002; Bobst et al., 2001)tions that we consider to be diagnostic of igtal debris associated with the eruptions could
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Figure 7. Chronostratigraphic West SFS 19018 East
(_Whee_le_r) diagram of the ha- (rriahos]ing)

lite unit in the southern part of 2002 eastern
the salar, constructed from | o e faul
seismic data (1g018) and bore-

hole 2002. The time scale is de-
termined from the ignimbrite 50 ka
and halite chronology summa-

rized in Figure 4, plus the in-
terpretation that the 1.5 Ma 100 ka
Cajon ignimbrite (exposed
northeast of the salar, Fig. 1)

\N\H
M/l_‘

occurs in sequence 8 of seismic 1 —r 1

line 1g003. The ages of the oth- ///

er stratigraphic sequences are 2 — 2

assigned by spacing the undat- Patao

ed sequences equally between R Geteas

the age-defined sequences. § by Atafam==l— 4

Note change in temporal scale, | 3 _ @@ @@ O O oo 5

to allow greater resolution of V77 77 % &

the most recent 100 k.y. In the o
-------- 27 10

past 100 k.y., gray represents 6 — - —6

the distribution of saline lakes. 2 km a'tzg‘:;“’e

Note also that poor constraints
on the ages of interpreted ignimbrites in the deeper parts of the halite unit result in two general alternatives: The oldest three units
span only the interval from 5 to 4 Ma, or they span much of the time between 10 and 4 Ma. Diagonal ruling indicates depositional
hiatus; vertical ruling indicates likely removal, by erosion or dissolution.

readily be responsible for repeated changes iorites form only under a small set of extreme One straightforward assessment implying
the Pliocene Salar de Atacama depositionallimatic and hydrologic conditions and be-that the halite nucleus record is temporally
system and be the root of strong reflectivity incause they are subject to dissolution whersomplete for a sampling frequency 3000
H3. those conditions change. In some salt basingr comes from recognition that a series of in-
large percentages of preserved halite formedependently established latest Pleistocene and
FIDELITY OF THE STRATIGRAPHIC through dissolution and reprecipitation in theHolocene climate events, each3000 yr in
RECORD OF THE HALITE NUCLEUS  yery shallow subsurface (top few meters taduration, are recorded in the Atacama evapo-
) ] _ tens of meters) and do not reflect the condirite strata. Records from Chilean Andean lakes
_ Stratal relationships across unconformitiegions quring surface deposition (Casas ane100 km east of Salar de Atacama and veg-
like those separating the eight stratigraphic s§-q\yenstein, 1989). etation history on the slopes east and south of
quences may be rich sources of information \ya¢ has been termed “temporal completethe Salar de Atacama document several cli-
about deformation history (Suppe et al"ness" assesses the degree to which the preiate events: a latest Pleistocene to early Ho-

1992). But similar geometries may rmcle(:tserved stratigraphic record at a single locatiofocene wet interval (ca. 13,400-10,600 cal-

steady landform change (for either tectonic Orsamples steadily through time and can bendar yr B.P.), a major Holocene arid interval

volcanic causes) petween t_|mes of Va”am%uantified for a specified sampling frequency(ca. 10,000—7000 calendar yr B.P.), a middle
rates of accumulation of sediment or may in< " . ) . .

dicate steady accumulation of sediment acrosVthat has been termed spgtlgl completenesngIocene wet interval (reported as either very
a zone with episodic bursts of deformation oSsesses t_he_ I_ateral _contmwty of strata thdunef near 6880 or spannmg 70Q0—4000 c_al-
volcanism that would have changed SurfaCéepresent |nd|V|duaI time increments ar]d |$ndar yr B.P.), and a final time of intense arid-
gradients, drainage organization, and detritél'sefql to clarnfy whether strata from a singleity (ca. 40000 calendar yr B.P.) (Ggyh et al.,
sediment supply. Therefore, before applyingi;)cat'or_' contain as complete a record as coulil999; Bet_ancourt et al., 2000; Grosjean et al.,
the Salar de Atacama halite beds to an eval€ achieved by integrating data over a larg@001, their“C data corrected to calendar years
uation of the history of an active fault, it is region. Lowenstein et al. (2002) demonstratetly using M. Stuiver and P. Reimer’s “CALIB
important to determine the frequency at whicrgood spatial completeness of the upper Quak.3” software available at http://www.depts.
stages of deformation are recorded in the strdérnary halite by showing that locations sepwashington.edu/qil/). The alternations be-
ta, which can be termed the fidelity of the his-arated by tens of kilometers (cores 2031tween arid and less arid climates are marked
torical record (e.g., Sadler, 1981; Anders et al2005, and 2002, the latter two with U-seriedy the lakes recorded in core 2005 (Fig. 6)
1987; Beer, 1990). Although lake deposits arélates) record a similar sequence of variationgBobst et al., 2001). The shallow-saline-lake
considered in general to be excellent recordeis the environmental conditions at equal timesleposits between 9 and 10 m depth correlate
of past environmental states, the completeneskiring the past 100 k.y. (Fig. 6). The limita-to the latest Quaternary—early Holocene wet
of a history captured in evaporite deposits igions to this spatial completeness are eviderniterval. The overlying desiccated-saline-flat

less certain. Uncertainty exists because evaffrom the seismic stratigraphy. facies (5.0-9.0 m depth) records the subse-
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quent arid early Holocene interval. The U-surprise, given that intervals longer than sevand subhorizontal across the fault zone. The
series date of 5.4- 1.4 k.y. for halite of the eral hundred thousand years sample across gault dips ~85° westward in the upper-500
ephemeral-saline-lake facies (5.0-2.7 nguence boundaries (Fig. 7). In contrast to mosn (300 ms TWTT) and~55" below that
depth) correlates well with slightly wetter of the sequences within the halite unit, whichdepth.
middle Holocene conditions. The cappingare largely conformable east of the Salar fault Displacement across the fault imaged by
desiccated-salt-pan facies formed during theystem, sequence 8 is widely discordant. line 1g022 diminishes northward such that the
final Holocene arid interval. Both desiccatedoverlaps erosionally truncated horizons in theipper ~3000 m (1000 ms TWTT) of strata
and wet environmental states prove to be stragast-central, west-central, and southwest parfsrm an east-facing monocline above the tip
igraphically complete for near-millennial time of the salar, as well as onlaps deformed bedsf the fault (seismic line 1g018 and neighbor-
intervals. in the monocline. In light of the regional ex- ing lines) (Fig. 5). Horizons located east of the
An alternative quantitative description oftent of the unconformable relationships at théold at depths between-340 m (200 ms
temporal completeness is generated from thigase of sequence 8, a significant hiatus is likesFWTT) and the base of the halite unit flex
ratio of the rates of long-term accumulationly between sequences 7 and 8. Near borehodeross the fault line. Layers betweer340
(R) to short-term accumulationR{), ex- 2002 in the halite nucleus, the duration of theand 80 m (200-50 ms TWTT) onlap the top
pressed as a percentag® [Rs) X 100] and hiatus could be as long asl m.y. (Fig. 7).  of sequence 7; those below 170 ms (290 m)
specific to the duration of the short-term mea- both onlap and are eastward rotated. Strata
surements (e.g., 100,000 year sampling inter- CROSS SECTIONS ACROSS THE shallower than 50 ms~80 m) appear to be
val) (Sadler, 1981; Anders et al., 1987; Beer, SALAR FAULT AND STRUCTURES horizontal across the fault and fold zone at the
1990). Rates of accumulation over short du- REVEALED BY THICKNESS MAPS resolution of the seismic data. The Salar fault
rations that are higher than over long dura- system near lines 1g018 and z1f012 is mon-
tions imply that long lapses in accumulation Depth to the base of the halite unit (Fig.oclinal at shallow depths because it is a zone
(hiatuses) are interspersed with the brief time&B) serves as a structure-contour map for af transfer between en echelon major faults
of rapid accumulation. If so, the record is in-horizon ca. 5 Ma in age. Throughout the halit§Fig. 2B); the major faults are more typical of
complete and unsteady. For most depositionalucleus and the northern marginal sector, ththe profile at seismic line 1g022. The reverse
environments, short-term rates are several ohalite unit exceeds 500 m (300 ms TWTT)fault that cores the monocline below 1000 ms
ders of magnitude higher than long-term rateghickness. Zones of maximum thickness occuf WTT dips moderately (43 to the west.
and accumulation is clearly unsteady (Sadlem the central halite nucleus, southeast halite

1981). However, for the past 100 k.y. in Salanucleus (approaching the Tilocalar Valley), SPATIAL AND TEMPORAL
de Atacama, similar mean rates of accumulaand at the extreme north end of the salar (Fig. VARIABILITY OF OFFSET ON THE
tion exist over both long and short duration2B). Minimum thicknesses<500 m, occur in SALAR FAULT

(Fig. 8): for intervals of=5000 yr, mean rates the southwest corner of the salar. Localized
of 1.1 mm/yr and 1.2 mm/yr were measuredstructural highs occur in the south-central Differences among the patterns of sediment
in core 2005 and core 2002, respectively; fomarginal zone (site of the Toconao-1 well) andaccumulation of the eight stratigraphic se-
intervals of 50 to 100 k.y., mean rates of 0.%outheast sector of the salar. The most abrugtiences within the halite unit (isopach maps,
mm/yr and 0.8 mm/yr were measured in corehange of halite-unit thickness occurs acrosBig. 9) reveal an episodic history of faulting.
2005 and core 2002, respectively. This simithe north-northwest-trending Salar fault sysin general, the thickness pattern reflects a mix-
larity implies comparatively steady accumu-tem, in the south-central part of the salarture of sediment ponding in the preexisting
lation (82% and 67% completeness in coredcross the Salar fault system, the halite-unitopographic low, differential tectonic move-
2005 and 2002, respectively) at a 5000 ythickness changes abruptly from values ofnent at faults, and volcanically induced de-
sampling interval, rather like Anders et al.625-750 m (370—-440 ms TWTT) on the wesposition. Volcanic activity directly influenced
(1987) documented for pelagic accumulationto values of 900-1500 m (530-890 msthe thickness pattern by the penetration of ma-
Although we have no age constraints for timelfWTT) on the east (Figs. 2B, 5). In the north-jor ignimbrite sheets into the salar, which tem-
intervals shorter than 1100 yr, the nearly orderern part of the salar, the thickness increasgsorarily created extra stratal thickness and to-
of-magnitude variability of rates for measuremarkedly toward the Cordillera de la Sal faultpographic relief but which later was onlapped
ment intervals shorter than 5000 yr (0.4 mm/yisystem, which is the western border of théby younger strata. Time intervals of signifi-
to 2.9 mml/yr) (Fig. 8) may indicate that de-basin. cant tectonic offset produce patterns dominat-
position in the halite nucleus is unsteady for The seismic data across the Salar fault syed by strong thickness changes across the Sa-
sampling intervals of=1000 yr. Comparison tem reveal an along-strike transition betweetear fault system, moderate thickness changes
of the short-term rates in core 2002 to the fultwo deformation styles (Fig. 5). The first style,across a set of north-northeast—striking faults
interval studied in the SQM cores (325 k.y.)a steep reverse fault, is illustrated by lingPeine fault system) near the eastern margin
implies less (but still remarkable 50%) tem-1g022 and neighboring parallel seismic linesopf the salar, and tilting toward the Cordillera
poral completeness. where the Salar fault system transects the Plde la Sal fault system (Fig. 9B). In contrast,
At the location of borehole 2002, estimatedocene part of the halite unit (sequences 1-&hickness variations resembling domes and
rates of early Quaternary and Pliocene acclias a complete rupture, with no stratigraphidollows typify times with little offset of the
mulation (0.04-0.12 mml/yr) are much slowercontinuity across it. The lower quarter of se-Salar fault system (Fig. 9A).
than for the upper Quaternary halite (Fig. 8)quence 8 onlaps an east-dipping surface at the The history of episodic reverse fault dis-
At the 100 k.y. sampling frequency (for whichtrace of the fault. In the central section of seplacement across the Salar fault system
rates are~0.5 mml/yr), sequence 7 and thequence 8, strata flex across the fault positiorthroughout the Pliocene—Quaternary emerges
lower part of sequence 8 are 10%-20% comforming a monoclinal fold. In the top quarterfrom comparison of thicknesses of the eight
plete. A greater degree of unsteadiness is nof sequence 8, the reflections are continuoustratigraphic sequences across the fault zone
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in seismic lines 1g018 and 1g022 (Fig. 10A)Where crossed by seismic line 1g022, only set0 be ca. 5 Ma, then the long-term vertical
Hundreds of meters of down-to-the-east disgquence 7 and the base of sequence 8 displaysplacement rate on the Salar fault system is
placement occurred during sequences 2, 7, amhlap of a topographic feature in the Salar-0.14 mm/yr. The oil-industry seismic data
8, but sequences 1 and 3 show little or ndault system zone. Truncation within the mid-do not resolve the upper 100-200 m of the
discernible offset in the north (1g018) and adle of sequence 8 implies a time of either erosubsurface clearly enough to conclusively
few tens of meters of down-to-the-west disssion or dissolution at the fault zone. The trun-demonstrate that vertical fault displacement
placement to the south (1g022). Displacemertation of the top of sequence 7 near the Saldras cut or folded strata accumulated during the
was variable during sequence 4 deposition anfdwlt system scarp and the onlap relationshipgast 100 k.y. But the detailed stratigraphic and
amounted to only tens of meters down-to-theef the base of sequence 8 in the Salar fauthronologic studies of 50, 100, and 200 m
east during sequences 5 and 6. Examinatiosystem zone are strong evidence that a fauengths of core remove the uncertainty: Dur-
of seismic lines that cross the Salar fault sysscarp existed when sequence 8 began to ai®g the past 16.5 k.y5-28 m more halite ac-
tem at other locations underscores the lateraumulate. Also, fault scarps existed locally acumulated on the downthrown side of the fault
variability of the details of times of offset. two times of marked offset (Fig. 10) along thethan on the upthrown block (Lowenstein et al.,
Considered on a numerical time scale defineBalar fault system, during deposition of se2002). This difference yields a vertical dis-
by ignimbrites, as previously described, thequences 2 and 7. However, the paucity of evPlacement rate of 1.7 mm/yr locally during the
mean rate of reverse offset of the Salar faulidence of fault scarps during roughly half oflatest Pleistocene and Holocene, a rate that
system was higher during the Pliocene thathe Pliocene and Quaternary (e.g., today, dulmplies ~15 m of offset during the 9000 yr
during the Quaternary (Fig. 10B). ing the latter part of sequence 8 deposition®f human occupation of the region. Given the
Intervals of onlap of strata in the fault zoneand during deposition of sequences 4—6), d&/€ry low population density of the region, his-
indicate times when significant topographicspite hundreds of meters of tectonic offsetiorical earthquakes may be poorly document-
relief was likely on the depositional surface ofdemonstrates that the depositional system &d- Ongoing studies of shallow crustal seis-
the salar. For most sedimentary rocks, trunthe halite nucleus is capable of masking activ&City in the region demonstrate that
cation of the upper surface of already-deformation along the Salar fault system beloW-magnitude earthquakes:g) occur in the
deposited strata likewise would suggest theeath an unbroken surface. crust beneath Salar de Atacama (A. Belmonte,
existence of a fault scarp, but the unique ero- 2001, personal commun.). On the basis of the
sional possibilities of evaporite rocks might SEISMIC RISK? criteria of Lettis et al. (1997), one would pre-
make a scarp unnecessary. Truncation in the dict from the lack of any surface expression
absence of a scarp could occur if the halite Keller and Pinter (1996) noted that the def-Of _the Salar fa'ult_ system that the magnitude
dissolved downward to a horizontal plane coninition of an “active” fault or fold is impre- of its character_lstlc earthquake (the largest that
trolled by low-salinity fresh water or ground- cise, but is commonly taken to mean one tha{t_?'Ccurs on tf;l]_glven_ fa;J_It) V\_/outl)d b€d6'0_6'4t'_
water. Where 19018 crosses the Salar faulias undergone displacement during the timgotwever,l_ 'S prOJlecic;g;s ?jse on a tiny
system, onlap onto an eastward-tilted surfacef human occupation. The Salar fault systema a set (Lettis et a ) and may not_ prove
is evident within sequence 2 and the loweis almost certainly active by that definition,to t.)e correct for this unusual depositional
) . B . setting.
part of 8; the top of sequence 7 is locally trundirrespective of the lack of a surface topograph-
cated. Sequence 6 appears to be truncated lie_-scgrp. Whether it deforms seismically or as- DEPOSITIONAL CONDITIONS
neath 7 on the east flank of the Salar fauleismically is unknown. CAPABLE OF ERASING SURFACE
system. We interpret that topographic scarps Thickness variations of the halite unit in- EXPRESSION OF FAULTING
likely existed at the times sequences 2 and 8icate ~700 m of net down-to-the-east dis-
began to accumulate and may have formeplacement since accumulation of the halite On the basis of the fault history and depo-
during a hiatus between sequences 6 and w@nit began. If we assume the base of the ungitional conditions, we suggest a model for to-
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Figure 10. The incremental offset across the Salar fault system (SFS) varies markedly in different stratigraphic intervals. (A) As measured
from seismic lines 1g018 and 1g022 (see Fig. 5), the difference in thickness of equivalent stratigraphic sequences on opposite sides of
the Salar fault system measures the fault displacement during the time of that sequence. Times of maximum down-to-the-east reverse
offset were during the deposition of sequences 2, 7, and 8 at both locations and sequence 4 near 1g022. Inset shows similar data for
shorter time increments within sequence 8 (data illustrated in Fig. 6). (B) Cumulative offset of the Salar fault system where crossed by
seismic line 1g022, constructed by summing the sequential offsets documented in A. Age assignments of the eight stratigraphic sequences
in the halite unit follow Figure 7. The curve suggests that the long-term rate of reverse offset of the Salar fault system was higher
between 5 and 3 Ma than it has been since 3 Ma.

pographic smoothing by deposition rather thathickness. Desiccated conditions existed fotial accumulation during the desiccated-saline-
erosion or dissolution in the halite nucleus~50% of the past 100 k.y. (Bobst et al., 2001¥lat conditions of the past 16.5 k.y., but the
Halite deposition in the halite nucleus of Salaand 100% of the previous 200,000 yr (Low-deposits of the previous saline-lake stage are
de Atacama occurs in three environments: ienstein et al., 2002). of equal thickness in both locations. This re-
shallow saline lakes during times of wetter cli- We estimate that during half of the Pliocenesult suggests an explanation that preferential
mate, by evaporation of groundwater in poreand Quaternary, rocks on opposing sides adccumulation on the downthrown fault block
spaces in the first meter beneath the salar suhe Salar fault system (and its associated foldy coupled to a desiccated environment.

face during desiccated times, and by diageexperienced relative vertical offset without During desiccated climate states,
netic crystal growth in phreatic-zone porecreation of topographic relief. The lack of agroundwater-flow patterns dictate the supply
spaces a considerable distance beneath the §audlt scarp must be due to greater halite acsf solutes to all locations in the salar. We hy-
lar surface (Lowenstein et al., 2002; Bobst etumulation on the side of the downthrownpothesize that the Salar fault system itself may
al., 2001). The first two settings generate trustructural block. At the scale of the upper 10(be an important control on groundwater-flow
aggradation of the sediment pile, thickeningn of halite, comparison of the thickness ofpaths. For water entering the salar from the
the column of rocks through time. The thirdidentical facies on opposing sides of the faultlluvial fans on the east side, groundwater
mechanism probably increases the density dtore 2002 on the downthrown block and cordlow would be driven by the gravitational head
the strata through time, but does not aggrad2005 on the upthrown block) shows differen-of the west-sloping topographic surface such

Figure 9. Thickness maps (contours in meters) of two sequences. The thicknesses are derived from depth conversions of seismic data.
Faults are mapped only where they cut the corresponding sequence at a scale detectable in the seismic data. (A) Sequence 4 illustrates
a time interval during which displacement along the Salar fault system was subdued, and the pattern is dominated by a complex suite
of domes and hollows that are a mixture of tectonic movement (note fold axes in the southwest sector of the salar and thickening toward
the Cordillera de la Sal) and depositional relief on major volcanic units like the Atana Ignimbrite, which entered the salar from the
east. (B) Sequence 8 illustrates a time interval during which thicknesses were controlled by the north-northwest—striking Salar fault
system and a set of north-northeast—striking faults (Peine fault system) near the eastern margin of the salar. However, because some of
the thickness change across the Salar fault system is due to filling of tectonic relief created during a hiatus following sequence 7 and
some is expressed as monoclinal folding, sequence 8 is only locally cut by the Salar fault system. Continued offset along the Salar fault
system at depth is confirmed by the differential offset at shallow depths (Fig. 6).
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Figure 11. Cartoon illustrating a conceptual model of enhanced halite accumulation east of the Salar fault system, which leads to a
horizontal depositional surface across the fault trace. Under the conditions of a desiccated surface environment, halite accumulates
because of evaporation of groundwater-fed brines. A drop in permeability at the fault (either due to juxtaposition of lower-permeability
rocks in the western fault block or due to properties of the fault zone itself) blocks the westward flow of topographically driven
groundwater, forcing a high rate of upwelling in the downthrown eastern fault block.

that it flows subhorizontally toward the westvertical flow. The fact that halite flows rathertopographic scarp were likely dominated by
(Fig. 11). Where that flow encounters the faulthan fractures indicates that the Salar fault sydialite accumulation adjacent to the Salar fault
zone, if permeability is lower on the westerntem likely impedes horizontal flow, as illus- system.
fault block or in the fault zone, groundwatertrated in Figure 11. The subtle color variations We propose that the unique sedimentation
would be forced to ascend, causing neaiin the region of the Salar fault system, visibleprocesses in a groundwater-fed evaporite-
vertical flow immediately east of the faultin a Landsat TM image (bands 542), may beenerating environment are responsible for the
(Fig. 11). Given ample evaporation potentialevidence of perturbed groundwater flow nealack of topographic expression of a major
the increased flux of water to the salar surfacthe fault zone. Although the Peine fault zondault. During desiccated times, groundwater
east of the fault would generate an increasealso lacks fault scarps, this case of scarp elinderived from topographically driven flow on
rate of accumulation on the east side of thénation cannot be attributed as easily tahe east side of the salar would have been
fault. groundwater-supplied differential halite accuforced upward by a barrier created at the fault
A permeability decrease at the fault couldmulation because the fault zone occurs whereone, enhancing the supply of solutes to the
be caused either by contrasting properties ofolcaniclastic, siliciclastic, and evaporite de-zone immediately east of the fault (Fig. 11).

the rocks on the opposing sides of the fault opositional systems interfinger. This mechanism generates a higher rate of ac-
by fault-zone properties. Experience mining cumulation of halite east of the Salar fault sys-
the brines in the Salar de Atacama clearly CONCLUSIONS AND IMPLICATIONS tem than to its west. The enhanced deposition
demonstrates that the halite is not dry, but on the eastern fault block is sufficient to pre-

rather that permeability and porosity in the up- The north-northwest—striking Salar faultvent scarp formation during times of moderate
per tens of meters are high (6%—18%) (Alons@ystem extends for at least 30 km through thdisplacement by the Salar fault system, though
and Risacher, 1996) on both sides of the faulSalar de Atacama, northern Chile, a desiccatetliring times of especially high rates of offset,
At >4000 m depth beneath of the salar surlake in a hyperarid desert. The halite unit rethis depositional mechanism was not sufficient
face, a basement step (higher to west) ofeals at least 700 m of Pliocene—Quaternarto prevent temporary formation of scarps.
~2000 m across the Salar fault system (aown-to-the-east reverse motion across the Saline closed-lake basins are associated
combined product of Cretaceous through latéault in the southern sector of the salar, butommonly with neotectonic (and potentially
Cenozoic deformation) (Mioz et al., 1997) locally the Salar fault system deforms the haactive) faults and folds. Similar settings exist
could be responsible for a horizontal decreasie unit into a monocline with 400 m of struc- in Death Valley, California, the Great Salt
in permeability toward the west. Equally plau-tural relief. Rates of displacement throughout.ake, Utah, the Dead Sea Rift, and the Ar-
sible is that the fault zone itself is an imped-the Quaternary have been on the order of 0.1gentine Puna (Cemen et al., 1985; Galli, 1999;
iment to horizontal groundwater flow. Rawl-2.0 mm/yr. Jordan et al., 1999), to name a few. In a saline-
ing et al. (2001) described the effects of Despite large displacements and large didake environment, Dinter and Pechmann
steeply dipping fault zones on groundwateplacement rates, no modern topographic scai1999) determined that a 3-m-high fault scarp
flow and noted significant differences betweerxists at the Salar fault system in the halitesccompanies a normal fault below the highly
the bulk permeability of fault zones in rocksnucleus. Stratal geometries and thicknesses rgaline Great Salt Lake. For the East Great Salt
that fracture brittlely and those in which theveal variation between former times whenLake normal fault, the estimate8 m of'set
material flows rather than fractures. They conthere was a topographic scarp at the defoduring ~10,000 yr (J.C. Pechmann and D.A.
cluded that large-displacement faults in nonmation zone and times with no topographidinter, 2001, personal commun.) yields a dis-
fracturing rock types markedly impede hori-expression. The available borehole data sugelacement rate approximately half that of the
zontal flow, without substantially influencing gest that both the times with and without aAtacama case, so one cannot call on a slow
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It is not yet known how common “truly
blind” faults are in dry salt pans, but they areREF
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ilar to the Atacama basin, the Badwater salf'™"
flat of Death Valley is reportedly disturbed by
only four short £2.4 km) probable fault seg-
ments that are expressed as “linear breaks”
but that have less relief than the irregular ha-
lite surface (Hunt and Mabey, 1966). Yet the
Badwater salt flat occurs in a valley with
abundant young fault scarps cutting alluvial-
fan deposits on both flanks (e.g., Hunt anc'?eer
Mabey, 1966; Wright and Troxel, 1967; Wills,
1989: Blair, 1999). Perhaps the dearth of faulP®?
scarps in the salt pan is due to accretion of
halite during the Quaternary (Lowenstein egev
al., 1999) rather than to lack of faults. In the
Argentine Puna, a plateau region with multi-
ple closed-drainage basins and abundant Qua-
ternary and Neogene halite (Alonso et al.,
1991), Quaternary deformation is widespreagev
(Marrett et al., 1994). The Salar de Antofalla
(centered at Z87'S, 6746'W) displays both
folds in halite at the desiccated salar surface
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