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INTRODUCTION

Understanding both the spatial and temporal distribution of hydrated minerals on Mars is essential for deciphering the aqueous history of the planet. By combining mineralogic identifi cation and stratigraphic relationships for hydrated units at two locations in Noctis Labyrinthus, we have been able to constrain the role of water and changes in environmental conditions over time for this region on Mars. Noctis Labyrinthus, on the eastern edge of the Tharsis Plateau, consists of a network of intersecting linear troughs that merge with rounded pits and pit chains (Fig. 1). Eastward, these linear troughs connect to the continuous troughs of Valles Marineris. The age of the Noctis Labyrinthus troughs is thought to be Late Hesperian to Early Amazonian (2-3 Ga) on the basis of disruption of the lava plains along the plateaus [START_REF] Scott | Geologic map of the western equatorial region of Mars[END_REF][START_REF] Tanaka | Tectonic history of the Syria Planum province of Mars[END_REF]. Many troughs within Noctis Labyrinthus contain layered beds and hydrated minerals (e.g., [START_REF] Mangold | A Late Amazonian alteration layer related to local volcanism on Mars[END_REF][START_REF] Weitz | Mineralogy and morphology of light-toned deposits in Noctis Labyrinthus[END_REF][START_REF] Thollot | Recent hydrated minerals in Noctis Labyrinthus Chasmata[END_REF], but only the two analyzed in this study have extensive exposures of diverse mineral phases that are generally associated with layered, indurated light-toned outcrops near the lowest elevations within each trough.

We have analyzed visible observations at 25 cm/pixel scale from the High Resolution Imaging Science Experiment (HiRISE) [START_REF] Mcewen | and 14 others[END_REF], visible images at 6 m/pixel from the Context Camera [START_REF] Malin | Context Camera investigation on board the Mars Reconnaissance Orbiter[END_REF], and hyperspectral images at 18-20 m/pixel from the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) [START_REF] Murchie | Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) on Mars Reconnaissance Orbiter[END_REF](Murchie et al., , 2009a) ) aboard the Mars Reconnaissance Orbiter. CRISM full resolution targeted observations have a spectral range of 0.4-4 µm with 544 channels at 6.5 nm/channel [START_REF] Murchie | Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) on Mars Reconnaissance Orbiter[END_REF](Murchie et al., , 2009a). An explanation of the methods used to process and analyze CRISM data is provided in the GSA Data Repository. 1A stereo pair of HiRISE images covering each trough was used to produce a digital terrain model (DTM) with a vertical precision of ~0.2 m [START_REF] Kirk | Ultrahigh resolution topographic mapping of Mars with MRO HiRISE stereo images: Meter-scale slopes of candidate Phoenix landing sites[END_REF]. CRISM spectral parameter maps that differentiate mineralogies by color (for details, see the Data Repository) were then coregistered and overlain on each DTM to aid in the interpretation of stratigraphic relationships (e.g., Fig. 2A). Mars Observer Laser Altimeter (MOLA) topography [START_REF] Smith | Mars Orbiter Laser Altimeter: Experiment summary after the fi rst year of global mapping of Mars[END_REF] supplemented our analyses where no DTM coverage existed. The synergy of mineralogy and DTM-derived stratigraphy enables unprecedented revelation of the geologic history for these locations, including implications for changing aqueous conditions over time.

In this study we only discuss and map units that are layered in HiRISE images and/or have spectral features in CRISM data. Units are defi ned and mapped based upon morphology and mineralogy, as follows: light-toned layered (LTL), light-toned (LT), light-toned draping (LTD), medium-toned layered (MTL), and medium-toned (MT); mineralogy is listed in association with a unit if known.

RESULTS

Trough 1 Units

Stratigraphy

We mapped 11 units in trough 1 (Fig. 2) (for detailed HiRISE images of each unit, see the Data Repository). The stratigraphy spans ~320 m of elevation starting at the bottom of the trough. MT(K) (kaolinite) covers the lowest portion of the trough fl oor, although a small expo-
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Catherine M. Weitz sure of this unit in the southeastern portion of the trough is located in a depression ~20 m above the same unit on the trough fl oor (Fig. DR1 in the Data Repository). Stratigraphically above this unit is LTL(Su) (sulfates), which generally has polygonal fractures that produce loose-lying blocks on the surface, although there is heterogeneity across the unit (Fig. DR2). MTL1 overlies LTL(Su) and underlies LTL2 (Fig. DR2).

LTL3 is a small outcrop of fractured lighttoned rock that either represents sedimentary beds or surface alteration of a preexisting material (Fig. DR1). The stratigraphic placement of LTL3 is not well constrained, but if it is a unit deposited within the strata along this portion of the trough, then we interpret it as an older unit. Unit LTL1 consists of numerous light-and darktoned beds that underlie unit LT(Db) (doublet), which is an ~20-m-thick massive light-toned bed near the top of the layered strata in the northeast portion of the study region (Fig. 2; Fig. DR2). LTL4 (Fig. DR3) is composed of beds similar to LTL1 at a comparable elevation, and could represent the same unit as LTL1 separated spatially by trough expansion and erosion. Although LTL1, LTL4, and LT(Db) are topographically above most other units, their stratigraphic exposures and embayment relationships to underlying units suggest that they are older relative to the sequence of MT(K), LTL(Su), MTL1, and LTL2 (Fig. 2B).

An older brecciated unit (Brecciated) is observed predominantly along ridges in the western portion of the trough (Fig. 2). Overlying this unit are LTL(FeSm) (i.e., Fe/Mg smectites) and MT(HdSi) (i.e., hydrated silica, SiO 2 plus OH and H 2 O). LTL(Su) overlies the Brecciated unit but underlies LTL(FeSm). In the southwest portion of the trough, unit LTL(FeSm) extends downslope in fi nger-like projections that widen and merge into larger exposures confi ned to topographic lows along the walls of MT(HdSi), indicating that it is a younger unit (Fig. DR3). Exposures of MT(HdSi) occur along massive blocky wall-rock slopes with no evidence of layering. The unit appears morphologically similar to the adjacent wall rock, albeit slightly brighter, suggesting that it represents alteration of the preexisting substrate.

Mineralogy

Selected CRISM spectra from units in trough 1 are shown in Figure 3 (for additional spectra, see the Data Repository). Although we list mineralogy in association with many of the units, the minerals may not necessarily represent a large fraction of the material present in each unit. LTL1, LTL2, LTL3, and LTL4 all show broad hydration features at 1.9 and 2.23-2.27 µm (Fig. DR4), but no other absorptions enable a specifi c identifi cation. MTL1 lacks any spectral features, while the Brecciated unit presents weak hydration features in CRISM data. LTL(FeSm) has a spectrum consistent with Fe/Mg smectites (FeSm), and MT(HdSi) is best matched to hydrated silica, SiO 2 plus OH and H 2 O.

CRISM spectra of different beds within LTL(Su) support multiple polyhydrated (e.g., rhomboclase, ferricopiapite, and melanterite) and monohydrated (e.g., kieserite and szomolnokite) sulfates (Su). Several spectra of LTL(Su) also have an unusual narrow 2.23 µm absorption [Fig. DR4, LTL(Su-1)] that could imply partial oxidation and dehydration of ferric sulfates to form an FeOHSO 4 phase [START_REF] Swayze | Understanding jarosite-From mine waste to Mars[END_REF][START_REF] Milliken | Opaline silica in young deposits on Mars[END_REF][START_REF] Bishop | Mineralogy of Juventae Chasma: Sulfates in the light-toned mounds, mafi c minerals in the bedrock, and hydrated silica and hydroxylated ferric sulfate on the plateau[END_REF][START_REF] Morris | Visible and near-IR refl ectance spectra for smectite, sulfate and perchlorate under dry conditions for interpretation of Martian surface mineralogy[END_REF][START_REF] Lichtenberg | Stratigraphy of hydrated sulfates in the sedimentary deposits of Aram Chaos[END_REF][START_REF] Wray | Columbus crater and other possible groundwater-fed paleolakes of Terra Sirenum[END_REF]. A similar narrow absorption at 2.23 µm for LTL3 suggests that this unit may also contain dehydrated sulfates.

CRISM spectra of MT(K) are consistent with Al-rich clays, with a good match to an Al smectite and kaolinite (K) mixture, halloysite (kaolinite + H 2 O), or beidellite (Fig. 3; Fig. DR4). LT(Db) exhibits a hydration feature at 1.9 µm and an enigmatic doublet (Db) between 2.2 and 2.3 µm, with one band at 2.20-2.23 µm and the second band at 2.26-2.28 µm. Roach et al. (2010) suggested several explanations for a similar doublet found in Ius Chasma, including mixtures of two phases such as montmorillonite or hydrated silica with Fe smectite or jarosite. Spectra of acid-leached Fe smectite [START_REF] Madejová | Near-infrared spectroscopy: A powerful tool in studies of acid-treated clay minerals[END_REF] and poorly crystalline Fe-SiO 2bearing precipitate [START_REF] Tosca | Smectite formation on early Mars: Experimental constraints[END_REF] produced in the laboratory also share a doublet similar to that observed in CRISM spectra (Fig. 3).

Trough 2 Units

Stratigraphy

We mapped 17 units in trough 2 (Fig. 4) (for detailed HiRISE images of each unit, see the Data Repository). The units extend over 425 m of elevation starting near the bottom of the trough. LTL10 represents the lowermost layered unit, above which is an ~20-m-thick LTL(FeSm) unit (Fig. DR5). LTL9 is 50-60 m thick with interbedded light-and medium-toned beds. The middle unit LTL8 is ~160 m thick and also consists of dozens of interbedded lightand medium-toned beds (Fig. DR5) that can be traced laterally and horizontally within an inner trough wall, indicating that the unit was emplaced prior to the trough assuming its current shape.

LTL2 represents an ~30-m-thick stack of fi nely layered predominantly light-toned beds (Fig. DR6). Based upon their elevations, LTL(Su) and LTL7 are interpreted to be beds contained within LTL2 but only exposed toward the center of the study region. LTL(Op+Fe) (opal plus Fe phase) is another thin bed with limited exposure. MTL1 is a 30-35-m-thick unit, and erosion along portions of this unit have exposed embedded unit LTL1 (Fig. DR6).

In the northeast portion of the study area (Fig. 4) are units LTL(FeSm2), LTL(FeSm1), LTL6, and LTL5 at the highest elevation (3910 m) (Fig. DR7). The HiRISE DTM (Fig. 4A) does not cover units LTL3 and LTL4 (Fig. DR8), so we use MOLA data to determine their elevations relative to those within the DTM. LTD (Fig. DR7) occurs as a draping unit along an inner wall in the eastern portion of the trough that may have once been intact strata that subsequently underwent downslope mass wasting.

Mineralogy

Selected CRISM spectra from units in trough 2 are shown in Figure 3 (for additional spectra, see the Data Repository). CRISM spectra of LTD show a 2.23/2.28 µm doublet and another absorption at 2.02 µm (Fig. DR9). LTL1 spectra are consistent with hydrated silica and/or opal and/or Al clays, and possibly a sulfate. Spectra collected across units LTL2, LTL(Su), and LTL7 (Fig. DR9) have a band near 1.9 µm and a broader band near 2.2 µm that are consistent with mixtures of opal and/or hydrated silica, Al clays, jarosite, the 2.23/2.28 µm doublet material, and FeOHSO 4 . The LTL2 spectrum contains jarosite features near 1.85 and 2.27 µm. Spectra of LTL(Su) are dominated by sulfate and the 2.23/2.28 µm doublet. The LTL7 spectrum contains a 2.23 µm band attributed to FeOHSO 4 . LTL3 spectra support multiple morphologies and mixtures of minerals, including sulfates and a 2.22/2.27 µm doublet phase. CRISM spectra of LTL4 show only weak features including broad absorptions near 1.9 and 2.2 µm likely due to opal and/or Al clays. LTL5 spectra exhibit even weaker bands. LTL9 includes thin subunits with different mineralogies that are consistent with opal, kaolin-family minerals, and polyhydrated sulfate (Fig. DR9). MTL, LTL6, LTL8, and LTL10 lack spectral features or have unknown, indeterminate mineralogies. LTL(FeSm), LTL(FeSm1), and LTL(FeSm2) all have spectra consistent with Fe/Mg smectites (Fig. 3; Fig. DR9). The spectrum for LTL(Op+Fe) has a 1.9 µm band and a broad absorption between ~2.20-2.28 µm, suggesting a mixture of opal and FeOH, possibly in an amorphous phase such as Fe-rich opal or allophane.

DISCUSSION

The diverse hydrated minerals in these two troughs support numerous hydrologic and/or depositional events in localized environments spread over time. Units both pre-date and postdate smaller pits and depressions within the larger troughs, indicating that deposition was concurrent with continued extension, collapse, and erosion in the Late Hesperian to Early Amazonian. There are no valleys, channels, or other fl uvial features along the adjacent plateau that would indicate surface fl ow of water into either trough. Hence, groundwater may have played a role in the formation of some of the hydrated units. Nearby Tharsis volcanism has been proposed as one possible source for groundwater that emplaced hydrated units in Columbus crater along the southwestern edge of Tharsis [START_REF] Wray | Columbus crater and other possible groundwater-fed paleolakes of Terra Sirenum[END_REF], as well as other locations of hydrated minerals on Mars by fl ow of water from aquifers buried deep beneath Tharsis [START_REF] Andrews-Hanna | Meridiani Planum and the global hydrology of Mars[END_REF]. A similar scenario may have occurred on the eastern edge of Tharsis (Fig. 1) and within the two Noctis troughs. In trough 1, aqueous activity may have initially deposited hydrated beds LTL1 and LTL4, which were subsequently spatially separated by continued trough expansion. LT(Db) postdates LTL1 and was deposited or altered under acidic aqueous conditions. At a later time, MT(K) formed in water, perhaps by weathering of bedrock, followed by emplacement of LTL(Su) as an evaporite when water receded, then deposition of MTL1 and LTL2 possibly as new infl uxes of water infi ltrated the trough. There was subsequent erosion of all these units, and then formation of MT(HdSi), which was later partially covered in some locations by deposition of unit LTL(FeSm). MT(HdSi) appears to represent acidic weathering of preexisting substrate, and similar hydrated silica deposits on Earth occur in active fumaroles where basalts undergo acid sulfate weathering [START_REF] Morris | Acid sulfate alteration products of a tholeiitic basalt: Implications for interpretation of martian thermal emission spectra[END_REF]. Because the young Fe/Mg-smectite unit in trough 1 cannot be traced to outcrops within the trough walls, we do not believe it represents older material buried beneath the plains that was eroded and transported via subsurface fl ow into the trough and subsequently deposited as younger material. Instead, we favor an in situ origin for the smectite by either hydrothermal alteration of a volcanic airfall unit [START_REF] Thollot | Recent hydrated minerals in Noctis Labyrinthus Chasmata[END_REF] or lacustrine deposition, although we cannot determine if the source of water was groundwater or melted snow and/or ice.

In trough 2, early aqueous activity likely fi lled portions of the ancestral trough with water in which LTL(FeSm) could form, followed by deposition of sequences of light-and mediumtoned beds (LTL9-MTL; Fig. 4B) containing numerous hydrated mineral mixtures, including sulfates, kaolinite, and opal. Upper units LTL3, LTL4, LTL5, LTL(FeSm1), and LTL(FeSm2) represent late-stage deposits from aqueous activity within the trough. Continued enlargement and associated wall collapse of the trough both partially buried, and in some cases spatially separated, these units before late-stage eolian erosion and inner trough expansion reexposed portions of them.

Previous research on similar phyllosilicates and sulfates elsewhere on Mars suggested that Fe/Mg smectites were emplaced in the older Noachian time under neutral pH conditions, followed by a global transition to more acidic conditions that led to deposition of sulfates in the Hesperian [START_REF] Bibring | Global mineralogical and aqueous Mars history derived from[END_REF]Murchie et al., 2009b). In contrast, we fi nd the opposite progression in trough 1, where acidic Al clays, hydrated silica, and sulfates underlie younger Fe/Mg smectites. In trough 2, Fe/Mg smectites occur both stratigraphically below and above sulfates, opal, and other hydrated minerals. Therefore, our observations indicate that these troughs underwent localized aqueous conditions that are inverted relative to the global chemistry of Mars, making them potentially habitable zones for life during the Late Hesperian to Early Amazonian, when drier conditions dominated the surface.

  Two troughs in Noctis Labyrinthus display a diversity of mineral assemblages rarely seen spatially collocated on Mars. Minerals identifi ed from Mars Reconnaissance Orbiter data within the troughs include polyhydrated and monohydrated sulfates, an Al clay (e.g., kaolinite or beidellite), Fe/Mg smectites, hydrated silica and/or opal, and a leached clay or jarosite mixture with a doublet absorption between 2.2 and 2.3 µm. Units both pre-date and post-date smaller pits and depressions within the larger troughs, indicating that deposition was coeval with continued extension, collapse, and erosion in the Late Hesperian to Early Amazonian (2-3 Ga). The strata within each trough display a mineralogic diversity consistent with active aqueous processes and/or changing chemical conditions over time, perhaps due to hydrothermal alteration of volcanic ash, infl uxes of groundwater from nearby Tharsis volcanism, fumarole activity, and melting snow and/or ice. The superposition of younger Fe/Mg smectites over sulfates, Al clays, and hydrated silica and/or opal in both troughs indicates that this region is unique relative to most other locations on Mars, where the opposite progression is observed and the Fe/Mg smectites are Noachian (older than 3.6 Ga) in age. Consequently, these troughs may have been habitable regions on Mars at a time when drier conditions dominated the surface.

Figure 1

 1 Figure 1. Mars Observer Laser Altimeter topographic view of Noctis Labyrinthus, Tharsis volcanoes, and western Valles Marineris region of Mars. Colors correspond to topography in kilometers. Inset shown in blue box is enlarged view of two troughs, with study areas identifi ed by red boxes. Context Camera images are overlain on Thermal Emission Imaging System daytime infrared mosaic.

Figure 2 .

 2 Figure 2. A: Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) full resolution targeted (FRT) FRT000096EE spectral parameter color image (for details, see the Data Repository [see footnote 1]) merged with High Resolution Imaging Science Experiment-derived digital terrain model (DTM) (vertical exaggeration is 3×), images ESP_015975_1695 and PSP_006890_1695. B: Geologic map and stratigraphic legend are based upon relative ages of units that either have spectral features in CRISM data or are layered. Red box identifi es location of DTM shown in A. Units are defi ned as light-toned layered (LTL), light toned (LT), light-toned draping (LTD), medium-toned layered (MTL), and medium toned (MT); mineralogy is listed in association with a unit if known (see text).

Figure

  Figure 3. Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) spectra (thicker lines with circles) of selected units in trough 1 (T1) and trough 2 (T2). Spectra are offset for grouping into similar mineralogies (see text) and plotted as relative I/F, where I is measured radiance and F is incoming solar fl ux. Also shown are laboratory spectra of selected minerals and/or phases likely present: nontronite (Non), kaolinite (Kln), fi broferrite (Fib), szomolnokite (Szm), rhomboclase (Rhm), jarosite (Jar), and acid-treated clay (ACT). (For additional CRISM and laboratory spectra, see the Data Repository [see footnote 1].)

Figure 4 .

 4 Figure 4. A: Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) full resolution targeted (FRT) FRT0000864F spectral parameter color image (for details, see footnote 1) merged with High Resolution Imaging Science Experiment-derived digital terrain model (DTM) (vertical exaggeration is 5×), images PSP_005400_1685 and PSP_003910_1685. B: Geologic map and stratigraphic legend of units that either have spectral features in CRISM data or are layered. Numbers in legend represent radius in meters determined from DTM, and units are positioned according to elevations. Red box identifi es location of DTM shown in A. Unit abbreviations are defi ned in Figure 2 (see text).
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