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Introduction: The past decade of Mars research has 

provided compelling new observations of aqueous activity 
[1-8], including evidence for paleolake basins [e.g., 3,4,8]. 
An important distinction for paleolakes on Mars is hydro-
logic setting (i.e., open vs. closed basins). Hydrologically 
open basins (i.e., open-basin lakes) have both an inlet and 
outlet valley, requiring ponding and overflow of water 
within the basin [3,4,8-10]. In contrast, hydrologically 
closed basins (i.e., closed-basin lakes) have only an inlet 
valley [9-11]. Such a geologic setting does not necessitate 
the presence of a standing body of water during inlet valley 
formation, unlike the presence of an outlet valley for an 
open-basin lake, implying a different hydrologic regime. 
Here we present a comparison of observations of the mor-
phologic and mineralogic characteristics of hydrologically 
open and candidate hydrologically closed paleolakes to 
provide further insight into the history of fluvial activity on 
Mars.  

Methods: We examined 226 open-basin lakes from the 
catalog of [4,8], and 224 candidate closed-basin lakes from 
the catalog of [11]. Morphologic observations of the paleo-
lakes and associated deposits were completed using a com-
bination of images from the CTX (~6 m/pixel [12]), HRSC 
(<50 m/pixel [13]), and THEMIS (~18 m/pixel [14]) visi-
ble cameras, along with the ~100 m/pixel daytime infrared 
mosaic from the THEMIS instrument and global gridded 
topography from the MOLA instrument [15]. The mineral-
ogy of identified paleolake basin deposits was studied with 
visible to near-infrared reflectance data from the CRISM 
instrument [16]. 

Paleolake Distribution: The distribution of candidate 
closed-basin lakes is generally similar to that of open-basin 
lakes (Figure 1), with the majority of paleolakes occurring 
in the southern highlands. One major difference, however, 
is the distribution of paleolakes in Arabia Terra, especially 
along the dichotomy boundary. In this region, there is a 
dense clustering of candidate closed-basin lakes and a pau-
city of open-basin lakes (Figure 1). 

 
Figure 1. Distribution of open-basin lakes (white circles [4,8]) 
and candidate closed-basin lakes (black circles [11]). Back-
ground is MOLA gridded topography overlain on MOLA-derived 
hillshade [15]. 

The mantling and exhumation history of this region 
subsequent to open-basin lake formation [e.g., 17] may 
have destroyed evidence of hydrologically open paleo-
lakes. This would then imply the observed candidate 
closed-basin lakes are younger features. Alternatively, it 
has been hypothesized that groundwater upwelling was 
common in this region [18], which might have preferential-
ly given rise to closed-basins and/or open-basins drained 
by groundwater outflow as opposed to an outlet valley. 
These two hypotheses are not mutually exclusive, and fu-
ture work is required to test which hypothesis can most 
accurately describe the observed paleolake distribution. 

Paleolake Morphology: When looking at the mor-
phology of the open-basin and candidate closed-basin 
lakes, one of the major differences (besides the presence or 
absence of an outlet valley) is the morphology of the inlet 
valleys (Figure 2). Open-basin lakes are most commonly 
fed by long (>50 km) degraded inlet valleys with multiple 
branches and morphologies consistent with the well-
studied martian valley networks [e.g., 3,5,6] (Figure 2A). 
In contrast, candidate closed-basin lakes are most com-
monly fed by short (<10 km), stubby inlet valleys that have 
little evidence for tributaries and abruptly terminate in am-
phitheater-shaped headwalls (Figure 2B).  

We hypothesize that the difference in inlet morphology 
reflects a difference in age of activity for these two varie-
ties of paleolakes. Previous workers have suggested that 
open-basin lakes formed primarily in association with the 
incision of regional-scale, integrated valley networks 
[3,4,8], activity that appears to have ended at approximate-
ly the Noachian/Hesperian boundary [3,5-7]. Subsequent to 
this major epoch of valley network formation, there is evi-
dence for localized fluvial activity [e.g., 7], and we propose 
that the majority of the studied candidate closed-basin 
lakes formed during this time, with more isolated fluvial 
activity leading to shorter, less integrated inlet valleys. 
This hypothesis is supported by stratigraphic observations 
of candidate closed-basin lakes hosted in impact craters 
with ejecta that superposes valley networks (e.g., Figure 
3), and the general degradation state of open-basin lakes 
compared to candidate closed-basin lakes (Figure 2) [7]. 

The minimal number (25) of candidate closed-basin 
lakes fed by long, regional-scale valley networks [11] 
compared with the abundance of open-basin lakes fed by 
such valley networks [4,8] may also suggest that during the 
period of valley network activity, formation of hydrologi-
cally open lakes was favored over the formation of hydro-
logically closed lakes. Any crater initially breached by an 
inlet valley may have had a high probability of filling and 
breaching to form an outlet valley, as opposed to filling 
and maintaining a balance between inflow and evaporation 
over a prolonged period of time. 
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Figure 2. (A) Open-basin lake at -20.5°N, 87.0°E [4], with long 
inlet (white arrow) and outlet (red arrow) valley networks. Mosa-
ic of CTX images B10_013621_1594, G14_023748_1601, 
G08_021480_1594, B05_011498_1584 and HRSC nadir images 
h6498_0000 and h6523_0000. North is up. (B) Candidate closed-
basin lake at 7.8°N, -39.1°E [11,19], with a short, stubby inlet 
valley (white arrow). Mosaic of CTX images B20_017555_1879 
and B18_016632_1883 overlain on the THEMIS global daytime 
infrared mosaic. North is to the right. 

 
Figure 3. Valley network (blue arrow) superposed by ejecta 
(orange arrow) of a crater at 31.4°N, -13.0°E that hosts a candi-
date closed-basin lake (inlet indicated by white arrow) [11]. Mo-
saic of CTX image B22_018055_2117 and HRSC nadir image 
h1498_0000 overlain on the THEMIS global daytime infrared 
mosaic. North is to the right. 

Paleolake Deposit Mineralogy: Our analyses of mar-
tian paleolake deposits suggest that both open-basin and 
candidate closed-basin lake deposits are dominated by de-
trital material [e.g., 8,20,21]. These deposits may include 
transported alteration minerals in certain locations, such as 
the hydrologically open Jezero crater paleolake [20] or the 

hydrologically closed Eberswalde crater paleolake [21]. 
The detrital origin of such lacustrine alteration minerals 
requires the formation of the observed minerals prior to the 
fluvial activity associated with paleolake formation. 

There are, however, a small number of examined can-
didate closed-basin lakes that have evidence for authigenic 
alteration mineral production, such as kaolinite and sulfates 
in Columbus crater [22], although these examples are ex-
ceedingly rare. Generally, it appears that neither the open-
basin lakes nor the closed-basin lakes we have studied ex-
isted under conditions that were favorable to large-scale in 
situ mineral precipitation or transformation.  

For hydrologically open paleolakes, this is consistent 
with previous work on the source of observed alteration 
minerals [e.g., 8,20]. For hydrologically closed paleolakes 
on the other hand, this may be a distinction of the studied 
basins. The catalog of [11] includes only candidate paleo-
lakes contained within impact craters, and not sites such as 
regional sulfates in Meridiani Planum [e.g., 18,23] or local-
ized chloride deposits [e.g., 24] that lack clear, orbital-
scale geomorphologic indication of hydrologically closed 
paleolake activity, but may nonetheless be related to lacus-
trine evaporite deposition [e.g., 18,23,24].  

For the studied candidate closed-basin lakes, the lack of 
evaporite deposits suggests that any standing body of water 
was not in existence for long enough to undergo major 
evaporative concentration to form salt deposits. This may 
indicate an overall transience for these hydrologically 
closed paleolakes, again consistent with their formation 
subsequent to major periods of fluvial activity associated 
with regional-scale valley network formation. 

Conclusions: A comparison of open-basin lakes and 
candidate closed-basin lakes on Mars indicates that hydro-
logic setting for these paleolakes is most indicative of the 
timing of activity. Large integrated, hydrologically open 
systems are concentrated early in Mars’ history (i.e., before 
the Noachian/Hesperian boundary), and smaller, more iso-
lated, hydrologically closed systems occurred later in 
Mars’ history (i.e., after the Noachian/Hesperian bounda-
ry). Additionally, observed basin deposit mineralogy sug-
gests a detrital origin for the majority of the alteration 
phases observed in the studied open-basin and candidate 
closed-basin lakes, requiring a period of aqueous alteration 
prior to the fluvial activity that formed these paleolakes. 
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