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INTRODUCTION

Sulfuric acid speleogenesis is a distinctive cave-forming pro-
cess that leaves behind tell-tale by-products, in contrast to the 
more common carbonic acid cave-forming process that essen-
tially leaves nothing but space (Sasowsky, 1998). Consequently, 
by-products of sulfuric acid speleogenesis are unique in that they 
can be studied to determine the absolute timing of speleogen-
esis, and to reconstruct the environment of speleogenesis.  The 
big caves of the Guadalupe Mountains (Fig. 1) in southeastern 
New Mexico formed by this H2S-H2SO4-related process (Hill, 
1987) and accordingly the age and origin of these caves could 
be determined (Polyak et al. 1998).  The byproduct materi-
als of sulfuric acid cave origin include gypsum (CaSO4•2H2O), 
alunite (KAl3(SO4)2(OH)6), natroalunite (NaAl3(SO4)2(OH)6), 
jarosite (KFe3(SO4)2(OH)6), aluminite (Al2(SO4)(OH)4•7H2O), 
hydrobasalumite (Al4(SO4)(OH)10•12-36H2O), hydrated halloy-
site (Al2Si2O5(OH)4•2H2O), quartz, amorphous silica, Fe- and 
Mn-oxides, Al-hydroxides, hydrous Fe-sulfates, and elemental 
sulfur (Polyak and Provencio, 2001).  The study of all of these 
has potential to contribute information about the history of spe-
leogenesis, but alunite is the most useful of the by-products.

Alunite was first reported in the Guadalupe Mountains caves 
in Lechuguilla Cave (Palmer and Palmer, 1992), and alunite and 
natroalunite were reported in Carlsbad Cavern soon after that 
(Polyak and Güven, 1996).  Since then alunite in datable quanti-
ties has been found in three additional caves: Endless, Cotton-
wood, and Virgin (Polyak and Provencio, 2001).  Aliquots of 

purified alunite were dated in 1998 using 39Ar/40Ar and the pub-
lished results offered the timing and progression of sulfuric acid-
related speleogenesis in the Guadalupe Mountains (Polyak et al., 
1998).   Further details of the sulfuric acid speleogenesis model 
were provided by Palmer and Palmer (2000) and complement the 
discussion of the potential of the study of alunite.  
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ABSTRACT.— Sulfate minerals alunite, natroalunite, hydrobasaluminite, and gypsum, produced from sulfuric-acid speleogen-
esis, are essential to the story of the origin of Carlsbad Cavern, Lechuguilla Cave, and many other major caves of the Guadalupe 
Mountains, southeastern New Mexico.  Alunite is particularly important not only because it is a byproduct of sulfuric acid cave 
genesis, but because it contains telling isotopic signatures of sulfur, oxygen, hydrogen, potassium, and argon.  Alunite has been 
reliably dated using the 40Ar/39Ar method yielding the timing of sulfuric-acid speleogenesis for Carlsbad Cavern, Lechuguilla 
Cave, and other sulfuric-acid caves as well as uplift and canyon incision rates for the Guadalupe Mountains.  The repeatability 
of the 40Ar/39Ar results was demonstrated from analyses of alunite aliquots processed three different ways: 1) non-chemical 
alunite separation by simple gravity-method in water, 2) chemical separation using HF, 1 & 2 were not encapsulated for irradia-
tion; and 3) encapsulation of HF-treated aliquots for irradiation.  In addition to the chronology, negative sulfur isotope values 
for the alunite strongly point to a microbial-related process, and both alunite and natroalunite occur as micrometer-sized cube-
like rhombs, an indicator of a low temperature origin of these large caverns.  Larger a dimensions of the unit-cells of relatively 
well-formed alunite from the caves (determined by X-ray diffraction) are similar to those of synthetic alunites produced in the 
laboratory at <100ºC, and also support a low-temperature origin.  Stable isotope values of the oxygen and hydrogen in the alu-
nite have potential to generate more accurate values for the temperature and isotopic character of water in which the caves were 
formed.  Timing of speleogenesis determined by 40Ar/39Ar dating of alunite shows this process was active as far back as ~12 
Ma and slowly migrated eastward for at least 8-9 Ma up to 3-4 Ma ago.  Rio Grande Rift faulting and tilting of the Guadalupe 
block during this period is probably the eastward-driving mechanism.  If sulfuric-acid speleogenesis is taking place today, it is 
most likely happening east of the Guadalupe Mountains in the subsurface.

FIGURE 1.  Photo showing the large entrance passage of Cottonwood 
Cave.  These exceptionally large cave passages are difficult to explain 
using the more traditional carbonic acid speleogenesis models in such a 
dry environment.  
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All samples of alunite and natroalunite from the Guadalupe 
Mountains caves are comprised of micrometer-sized pseudo-
cube rhombs.  With the exception of an alunite occurrence in 
Lechuguilla Cave having crystal sizes up to 20 µm in diameter, 
all other occurrences were comprised of crystals less than 5 µm 
and typically 1-2 µm.  The alunite in all cases was associated with 
hydrated halloysite.  The deposits are generally white and chalky 
in appearance.  Manganese oxides are commonly associated with 
these deposits.  Alunite is found in cave areas protected from drip 
or flood waters as wall residues, pockets of altered bedrock, solu-
tion cavities, and floor deposits.  

We discuss the significance of alunite to the age and origin of 
Carlsbad Cavern, Lechuguilla Cave, and three other caves in the 
Guadalupe Mountains.  A brief review of the mineral assemblage 
associated with alunite is offered to support the presence of a 
H2S-H2SO4 cave-forming environment.  Alunite was synthesized 
at relatively low temperature to better understand the conditions 
necessary for its formation during speleogenesis.  The reliability of 
the age data is discussed as well, especially in terms of the analyses 
performed and tests conducted that show the percent of 39Ar escape 
from the fine-grained crystals of alunite during irradiation.  These 
age data compare well with more recent work done on the Rio 
Grande Rift (Lueth et al. 2005) and invite discussion on the impor-
tance of the comparison of the evolution of the Rio Grande Rift 
and caves of the Guadalupe Mountains.  We also seek to convey 
that other information can be retrieved from the study of alunite, 
particularly from its stable isotope geochemistry (Rye et al., 1992), 
and that most of the potential for further studies still remain.  

 
METHODS

Mineral assemblage identification

All minerals in the alunite-associated assemblage and syn-
thesized materials for comparison were identified using X-ray 
diffraction (XRD).  The minerals alunite, natroalunite, jarosite, 
gypsum, hydrobasaluminite, aluminite, hydrated halloysite, and 
quartz were separated, X-rayed, and indexed at the Clay Labora-
tory at Texas Tech University for positive identification.  Support 
for mineral identification was provided using scanning (SEM) and 
transmission (TEM) electron microscopy and energy dispersive 
X-ray spectroscopy (EDX) at Texas Tech University and Sandia 
National Laboratories.  A detailed mineral assemblage associ-
ated with alunite and H2S-H2SO4-related cave genesis is given in 
Polyak and Provencio (2001).  All aliquots of alunite that were 
dated were checked for purification using XRD and TEM.  

39Ar/40Ar dating of cave alunite

15 to 50 mg aliquots of purified cave alunite were irradiated in 
vacuo with interlaboratory standard Fish Canyon Tuff sanidine as 
a neutron fluence monitor.  The separates of alunite were incre-
mentally heated in a double-vacuum Mo-resistance furnace in 7-
10 steps at temperatures of 500-750oC. Argon isotopic composi-
tions were measured with a MAP 215-50 mass spectrometer at the 
New Mexico Geochronology Research Laboratory at New Mexico 

Tech.  Plateau ages and associated 2 standard deviation uncertain-
ties for samples with flat age spectra defined by two or more con-
tiguous incremental steps were calculated using the error formula 
of Samson and Alexander (1987).  The alunite separates were pro-
cessed and analyzed three different ways.  Alunite was purified 
non-chemically using gravity settling, where 1-2 µm-sized alunite 
crystals settle faster than the submicron-sized hydrated halloysite 
tubes. Aliquots of alunite were separated but still contained 1-5% 
hydrated halloysite (95 to 99% alunite).  Samples were treated 
with 25% HF for about one hour, and this process removed all clay 
contaminates.  Later, four sample aliquots, two separated by grav-
ity settling and two HF-treated, were encapsulated in Pyrex tubes 
prior to irradiation to assess for 39Ar recoil loss during the irradia-
tion process. Argon expelled into the capsules during irradiation 
was analyzed after piercing the capsules with a CO2 laser, then the 
alunite was extracted from the capsules and analyzed by resistance 
furnace incremental heating. 

Alunite synthesis

Alunite and natroalunite were synthesized to better understand 
the origin of these minerals in the sulfuric acid cave-forming envi-
ronment.  The alunite was prepared at relatively low temperature 
and these precipitates were compared chemically and physically 
to alunite and natroalunite from these caves.

Potassium and sodium alunites were synthesized after the meth-
ods of Parker (1969).  K-alunite was prepared by mixing K2SO4 
and Al2(SO4)3•15.5H2O solutions.  Na-alunite was prepared by 
mixing Na2SO4•5.7H2O and Al2(SO4)3•15.5H2O solutions.  These 
salt solutions were slowly combined (adding alkali salts to the 
Al2(SO4)3•15.5H2O solutions) and then digested at 50-90ºC for 30 
minutes.  The alkali sulfate solutions had pHs ranging from 5.9 to 
7.8, depending on the amount of K2SO4 or Na2SO4•5.7H2O.  The 
Al2(SO4)3•15.5H2O solutions had pHs ranging from 2.4 to 3.0.  
The salt solutions, when combined, quickly began to turn cloudy 
(visible indication of precipitation) and had measured pHs rang-
ing from 2.6 to 3.1.  Na-alunite solutions seemed to take longer 
to produce precipitates.  The mixed salt solutions were continu-
ously stirred at 95°C for four days, while pHs ranged from 1.9 to 
2.3.  After four days, solutions were quenched in a 20°C water 
bath and excess salt was washed from the samples with a centri-
fuge.  A small aliquot of the reaction products was then examined 
with XRD and electron microscopy.  The remainder of the reac-
tion products was dried in an oven at <100°C.  The powder was 
weighed to determine the approximate yield of the reaction.  Two 
additional runs were prepared with sodium silicate solutions, one 
at pH=3 and the other at pH=6.  

RESULTS

Chemistry of cave alunite and natroalunite

Alunite is associated with hydrated halloysite, and almost 
always found in cave areas containing remnant speleogenetic 
gypsum.  Our data from the K and S sites, the 39Ar/40Ar ages and 
δ34S values.  The age data are offered later.   Eleven alunite sam-
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ples analyzed so far (from Carlsbad Cavern, Lechuguilla Cave, 
and Cottonwood Cave) have negative δ34S values that range from 
-30 to 0 ‰.  These sulfur isotope values are preliminary, and 
compare well with δ34S values reported for speleogenetic elemen-
tal sulfur and gypsum from the same caves.  The sulfur data is 
compiled and offered in Hill (1996). 

Both alunite and natroalunite occur in these caves as a solid 
solution.  Mole% natroalunite in these samples ranged from 86 
to 5%, with most samples containing less than 50 mole% (Polyak 
and Güven, 1996).   Figure 2 shows unit-cell dimensions of cave 
and synthetic alunite samples and Na- K- solid solution associa-
tion as well as comparison of unit cell dimensions with stoichio-
metric and synthetic alunite and natroalunite.   

Characteristics of synthetic alunite and natroalunite

Rapid precipitation (four days) of synthesized K-alunite and 
Na-alunite at 90°C resulted in crystals having different morphol-
ogies.  Lower overall mineral yields were observed for Na-alu-
nite, and higher yields were observed when excess K or Al was 
added to system.  XRD and EDX results indicate that K-alunite 
is the dominant phase from initial solutions containing both Na 
and K, even when initial Na/K = 0.75.  K-alunite preferentially 
precipitated over Na-alunite.  Lattices for these low-temperature 
synthesized alunites were larger in the a dimension of the alu-
nite unit cell than reported for stoichiometric a values, consistent 
with Alpers et al. (1992) and Stoffregen and Alpers (1992) who 
assigned the larger a dimension to incorporation of water into the 
lattice (hydronium alunite) shown in Figure 2.  The TEM images 
show a large, but systematic variation in crystal size and mor-
phology in the synthesized alunites.  Most obvious is the differ-
ence in crystal size and morphology between Na-alunite and K-
alunite.  The synthesized Na-alunite produced cube-like rhombs 
up to 0.25 µm in diameter (Fig. 3).  In contrast, synthesized K-
alunite produced anhedral, subrounded to very irregular crystals 

up to 1.0 µm in diameter (Fig. 3).  Crystal size increased with K 
content.  The XRD data supports the EDX data and also indicates 
that K is preferentially utilized over Na during crystal growth.  

39Ar/40Ar geochronology

The alunite age results, published in Polyak et al. (1998) are 
summarized in Table 1.  The ages show remarkable correlation 
with elevation, with older alunite ages from caves at higher eleva-
tion.  Alunite collected from Cottonwood and Virgin caves, both 
located ~2000 m in elevation, had apparent ages of 11-12 Ma.  
Carlsbad and Lechuguilla caves yielded alunite from three differ-
ent levels, from highest to lowest, ~6 Ma (1230-1250 m), ~5 Ma 
(1180 m), and ~4 Ma (1100 m).  Alunite from Endless Cave, at 
the same elevation as Glacier Bay in Lechuguilla Cave, has an 
age of 6 Ma.  39Ar/40Ar analyses of these 95-99% alunite aliquots 
yielded flat plateau dates (Fig. 4).  Similarly, the HF-treated alu-
nite aliquots yielded flat plateau dates with slightly younger ages, 
but with essentially identical results.  39Ar/40Ar analyses of  encap-
sulated alunite aliquots yielded flat plateau dates with the same 
results, and show that 39Ar loss resulting from neutron irradiation 
is insignificant.  These three sets of aliquots measured, (1) un-
encapsulated alunite separated using gravity settling method, (2) 
un-encapsulated alunite separated chemically with HF, and (3) 
encapsulated alunite separated by gravity settling (n=2) and chem-
ically with HF (n=2), yield essentially the same results and show 
the robustness of the 39Ar/40Ar dating of fine-grained cave alunite.  
Encapsulated results are offered in Figure 5 and Appendix 1.

FIGURE 2.  Graph showing the distribution of unit cell dimensions of 
cave and sysnthesized alunite and natroalunite.  The large black circles 
are ideal unit cell dimensions taken from Stoffregen and Alpers (1992).  
The dashed-line areas encompass unit cell dimensions for synthesized 
alunite and natroalunite.  The graph shows that most cave alunite has a 
high mole% K-alunite with dimensions similar to hydronium alunite.

FIGURE 3.  TEM and SEM micrographs showing synthesized and cave 
alunite crystals.  A. Synthesized materials consisted of small irregular 
crystals of alunite and, B. rhomb-like crystals of natroalunite. C. Cave 
alunite is associated with hydrated halloysite (tubes). D. A deposit in 
Lechuguilla Cave near Glacier Bay produced large, well-formed alunite 
crystals. 
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DISCUSSION

The environment in which alunite formed is also the envi-
ronment of speleogenesis.  The associated mineral assemblage 
(Polyak and Provencio, 2001) and size and morphology of crys-
tals suggest that the environment of speleogenesis was acidic 
and low temperature (Stoffregen and Alpers, 1992), consistent 
with the sulfuric acid speleogenesis model proposed for Carlsbad 
Cavern, Lechuguilla Cave and other major caves in the Guadalupe 
Mountains (Jagnow et al., 2000).  Evidence for both subaqueous 
and subaerial gypsum, elemental sulfur, and passage morphol-
ogy indicate that most speleogenesis took place near the water 
table (Buck, 1994; Palmer and Palmer, 2000).  After the water 
table descended below the cave, the byproduct materials such as 
alunite remained in a stable environment suitable for long-term 
preservation in those cave areas protected from drip and flood 
waters.  The post-speleogenetic subaerial environment was ideal 
for prevention of any alkali exchange in the fine-grained alunite, 
ensuring its appropriateness for radiometric dating.  Aliquots of 
alunite subsamples, processed three different ways, yielded the 
same ages per subsample and further demonstrate the robustness 
of the age results.  The overall 39Ar/40Ar dating of alunite from 
five caves show a strong correlation with elevation with greater 
alunite ages at higher elevation, yielding the timing of speleogen-
esis for four different levels in the Guadalupe Mountains (Polyak 
et al., 1998).  A simple third-order polynomial curve fits that age 
data with a y-intercept at the current water table near the city of 
Carlsbad at an elevation of 950 m (y = 6.2749x2 + 11.999x + 
950; n = 14; R2 = 0.9937), where x = age (Ma) and y = elevation 
(m).  This curve may be used to estimate the timing of speleo-
genesis for all sulfuric acid caves in the Guadalupe Mountains.  
For instance, Slaughter Canyon Cave where alunite has not yet 
been found is located at ~1380 m, yielding an estimated timing of 
speleogenesis of 7 Ma from our curve (Fig. 6).   

The byproduct materials of speleogenesis inherited elemental 
and isotopic signatures of the sulfuric acid cave-forming environ-

ment as the water table slowly descended through the strata in 
which the caves developed.  The small cube-like alunite crystals 
are characteristic of low temperature environments (Stoffregen 
and Alpers, 1992).  Rapid formation of synthetic natroalunite at 
90ºC resulted in moderately well-formed crystals of natroalunite, 
unlike the poorly formed synthetic alunite.  At much lower tem-
peratures in the cave environment, well-formed rhombs of alunite 
and natroalunite probably needed a lengthy time to mature.  Low 
temperature sulfuric acid speleogenesis at any definable passage 
level probably lasted thousands to tens of thousands of years 
(Palmer and Palmer 2001) resulting in ample time for cave alu-
nite crystals to mature to well-formed cube-like rhombs, in con-
trast to the rapidly formed synthetic alunite.  Also, alteration of 
aluminum-bearing materials such as clays are needed to provide 
the ingredients for alunite and natroalunite, and at low tempera-
ture, the time needed for this process was probably lengthy and 
required thousands and tens of thousands of years.  

TABLE 1.  39Ar/40Ar age data for alunite samples from five Guadalupe 
Mountains caves.  

FIGURE 4.  A.  40Ar/39Ar age spectra for samples treated with HF from 
each cave level (modified from Polyak et al., 1998).  See Table 1.  B.  
40Ar/39Ar age spectra for three size-separates (a, b, c) of an alunite sample 
(33) from Lechuguilla Cave.  The bold-lined spectra represents analysis 
of 33a having an average crystal diameter size of 1.5 µm.  The fine-lined 
and dashed-lined spectra are plateaus from samples 33b (2.9µm) and 33c 
(8.3 µm), respectively.  Results show that variation in crystal size does 
not affect age results.
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While alunite from five caves has been dated, little to no ele-
mental and isotopic analyses have been done on the alunite or 
other byproduct materials, except for some sulfur analyses.  The 
low δ34S values (-30 to 0 ‰) thus far reported for alunite match 
those of the gypsum and elemental sulfur.  They have been attrib-
uted to microbial reduction of sulfur in the subsurface Delaware 
Basin by Hill (1996).  The three other stable isotope sites of 
these cave alunites (δ18OSO4, δ

18OOH, and δD) have not yet been 
analyzed.  These sites have potential to yield information about 
temperature of formation of alunite and paleo-groundwater δ18O 
and δD values.  In addition to these stable isotope sites, it is pos-
sible to extract Sr and Pb isotope values from the alunite, giving 
clues about the source materials responsible for the origin of the 
alunite.  

Even though the H2S source for speleogenesis (hydrocarbons 
in the Delaware Basin) differs from the sources of H2S along the 
Rio Grande Rift responsible for ore production (sour gases from 
thermochemical reduction of Permian sulfate deposits; Lueth et 
al., 2005), the timing of these processes forming alunite (caves) 
and jarosite (ore deposits) is similar (last 10 Ma).  The faults 
responsible for uplift of the Guadalupe block are on the eastern 
margin of the Rio Grande Rift.  Lueth et al. (2005) noted that the 
pulses of sulfuric acid speleogenesis 11 Ma and 6-4 Ma reported 
by Polyak et al. (1998) correlate with timing of renewed tectonic 
activity in the Rio Grande Rift that formed jarosite.  This suggests 
that the faults that uplifted the Guadalupe block were actively 
forming the Guadalupe Mountains as the caves were forming.  
The major episodes of speleogenesis represented by alunite ages 
of major cave levels at 4-6, and 11 Ma may correspond to these 
active periods of tectonic activity.  Greater tectonic activity likely 
initiated movement of basinal fluids, forcing episodic pulses of 
H2S to ascend into the Capitan Reef aquifer.  If this is the case, the 
timing of uplift of the Guadalupe Mountains may be recorded by 
the caves.  Each recorded episode of major speleogenesis (ie, the 
Big Room level) represents the position of the water table relative 
to the strata and shows a ~1000 m relative drop of the water table 
over the past 11 Ma.  Overall results correspond to an uplift rate 

of the Guadalupe block greater than 90 m/Ma at the fault zone, 
comparable to the ~150 m/Ma uplift rate along the Rio Grande 
Rift determined by Lueth et al. (2005), with periods of major spe-
leogenesis representing periods of greater tectonic activity.  In 
addition to uplift rates, incision history can be retrieved from the 
alunite age data, which was compiled by DuChene and Martinez 
(2001) to determine average incision rates of ~70 m/Ma in the 
southwestern end of the mountains and ~20 m/Ma at the eastern 
end.   

The location of the known significant sulfuric acid caves in 
the Guadalupe Mountains relative to elevation suggests that three 
distinct episodes of major speleogenesis took place (Fig. 6).  The 
earliest, represented by numerous caves at higher elevations, took 
place from 12 to 10.5 Ma based on the location of big caves (Fig. 
6).  While alunite has not yet been found in the caves that repre-
sent the next episode (Slaughter Canyon caves), another impor-
tant period of sulfuric acid speleogenesis occurred from about 
7.8 to 7.5 Ma according to the age versus elevation formula pre-
sented above.  The latest episode that formed Carlsbad Cavern 
and Lechuguilla Cave lasted from 6.2 to 3.8 Ma.  
 

POTENTIAL FOR FURTHER RESEARCH

The study of speleogenetic alunite has offered considerable 
information about the timing of speleogenesis, details of the cave-
forming environment, history of uplift of the Guadalupe Moun-
tains and associated relative water table decline, and canyon inci-
sion rates.  Even so, there still exists much potential for further 
study of cave alunite.  Alunite is made up of several important 
elements that can produce isotopic information inherited from its 
environment of deposition.  Reported isotopic signatures of alu-
nite (KAl3(SO4)2(OH)6) include 39Ar/40Ar from K, δ34S from the 
sulfur, δ18OOH from the oxygen in the OH, δD from the hydrogen 

FIGURE 5.  40Ar/39Ar age spectra for samples that were vaccuum encap-
sulated during irradiation.  The initial step of each spectrum is the analy-
sis of the gas lost to the capsule during irradiation.

FIGURE 6.  Graph showing trend of alunite ages relative to elevation.  
Also shown are three important periods of sulfuric acid speleogenesis 
represented by gray shaded areas along the curve (A = 10.5 to 12 Ma, B 
= 7.5 to 7.8 Ma, C = 3.8 to 6.2 Ma) and defined by the alunite ages and 
elevations of sulfuric acid caves.  
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in the OH, δ18OSO4 from the oxygen in the SO4 (Rye et al., 1992).  
The O and H isotopes have potential to yield temperature of for-
mation and isotopic signature of the Miocene-Pliocene ground 
waters.  Also, there might be potential for extracting environ-
mental information from isotopic signatures of minor and trace 
elements such as Sr and Pb.  Lastly, even the coarsely sampled 
sulfur isotope studies thus far are only prelude to important high 
resolution sulfur isotope studies of not only alunite, but jarosite, 
gypsum, elemental sulfur, hydrous Fe-sulfates, and hydrobasalu-
minite.  The same applies to isotopic signatures of the other ele-
ments.  Alunite has shown to be the most important of these by-
products.
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APPENDIX 1.  Analytical data for encapsulated samples and Figure 5.
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