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By Alisha Guglielmi
On February 18, 2021, NASA’s Mars 2020 rover will land on Mars with the 
intent of expanding on the knowledge obtained by NASA’s Curiosity rover 
investigating the idea that Mars could have supported life in the past. The 
mission will launch in the summer of 2020 from Cape Canaveral, Florida; it is 
managed by NASA’s Launch Services Program and is expected to last for 
two years. The region of interest for this mission is the Jezero Crater, which 
spans 45 kilometers wide (Figure 1). The Jezero Crater displays evidence of 
an ancient river delta as seen in satellite images taken by NASA’s Mars 
Reconnaissance Orbiter (MRO). MRO’s Compact Reconnaissance Imaging 
Spectrometer for Mars (CRISM), led by Johns Hopkins University Applied 
Physics Laboratory, documented the presence of concentrations of carbon-
ate sediments around the inner western rim of the crater a few years back. It 
wasn’t until recently that scientists began to realize that these carbonates 
might have preserved clues of ancient Martian life and climate. According to 
Horgan et al. (2019), around 3.5 billion years ago there was a lake in the loca-
tion of this crater. There is a possibility that the carbonates and the lake have 
different ages, but if the carbonates were formed along the outer edges of this 
lacustrine environment, scientists believe that these carbonate structures 
could in fact be fossils, known as stromatolites. On Earth, stromatolites 
thrived along ancient shorelines due to bountiful amounts of sunlight and 
water. With the oldest known stromatolite fossil dated at about 3.5 billion 
years old, they are the oldest fossilized form of life known to man. They are 
essentially layered deposits of carbonate sediment formed as ancient cyano- 
bacteria colonies grew. Today they can be observed in Brazil, Mexico, the 
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By Renee V Knudstrup
The environmental health of Salem Sound has been a subject of research in 
the Geological Sciences department at Salem State University since 2010, 
when Brad Hubeny first partnered with Salem Sound Coastwatch to retrieve 
several cores from the Sound. The campus’s proximity to this natural resource 
has provided a unique opportunity for the department and its members to 
study this complex system, one which has been taken full advantage of. Since 
this initial foray into the sediment record, many senior research projects, three 
peer-reviewed papers, and several grants have stemmed from this work, as 
well as Hubeny’s recent appointment to the Massachusetts Bays National 
Estuary Partnership’s Science and Technical Advisory Committee. 
Most recently, the Geological Sciences department has combined forces with 
Massachusetts Bays National Estuary Partnership (MassBays), Massachu-
setts Environmental Trust (MET), Center for Coastal Studies in Provincetown, 
Salem Sound Coastwatch, and others to investigate the causes of reduced 
water quality in Salem Sound. One of the most significant indicators of this 
reduced water quality is the population of eelgrass, or Zostera marina, which 
has experienced the largest decline in Salem Sound of any coastal region in 
Massachusetts since 1995 (Costello and Kenworthy, 2011). During this same 
period, measurements of turbidity, a water quality parameter that quantifies 
light transmission through water, indicated an increase (less light transmitted) 
(Hubeny et al. 2017).  The investigations (2012-present) focus specifically on 
turbidity as a water quality parameter of concern in Salem Harbor. Elevated 
turbidity values can have a wide range of adverse ecologic consequences, 
including the limitation of submerged aquatic vegetation, such as eelgrass; 
increases in water temperature; and detrimental effects on pelagic and ben-
thic invertebrates, as well as fish. Although numerous factors can be involved, 
elevated turbidities in coastal waters are often the indirect result of chronic 
nitrogen eutrophication, which leads to phytoplankton blooms that in turn 
blocks light transmission through the water column.
In 2012, the department and aforementioned partners set out to constrain the 
dominant source of particulate matter in the coastal embayment so that a 
remediation strategy could be developed. Turbidity, temperature, and salinity 
variability were measured at high temporal resolution with monitoring buoys 
(Figure 6). Further, water and particulate organic matter (POM) samples were 
analyzed for key geochemical proxies including stable carbon, nitrogen, and 
sulfur isotopes, the ratio of organic carbon to nitrogen, and the ratio of particu-
late organic carbon to chlorophyll a. This study began to illuminate a complex 

Water Quality Research in Salem Sound

Figure 6. Locus map of Salem Harbor within MassBays Assessment Areas (left) with detailed 
site map (right). Sample locations from 2012, 2017, and 2018 studies: control site (A), mooring 
sites (B and C), and river mouth sites (D and E)  (Hubeny et al., 2017)

Mars 2020: The Search for Stromatolites

expanded to include pH, oxidation/reduction potential (ORP), and dissolved 
oxygen (DO) measurements in addition to the previously monitored salinity, 
water temperature, and turbidity. This study found abundant phytoplankton (up 
to 1.95 million cells per liter), which was consistent with the previous findings 
and further suggested that phytoplankton were the main source of POM and 
contributing to elevated turbidities. 
Most recently, in 2018, Brad and his team were awarded a MassBays Healthy 
Estuaries grant to continue the monitoring of phytoplankton, pigments, nutri-
ents, select light isotopes and  water quality parameters established and 
vetted in the pilot study. This data collection took place over an eigh-
teen-month period at high temporal resolution (as frequent as weekly sam-
pling). As this extensive monitoring program comes to a close, we have begun 
to construct a framework of the spatial and temporal patterns of phytoplankton 
species and groups, aiming to link these observations to turbidity, nutrient 
loading, and other stressors within Salem Harbor. We are excited to see the 
results of this work and believe it will be critical to unraveling the next layer of 
this complex problem affecting such a vital resource, hopefully shining a light 
on how it can be addressed and how we can ensure that our local waters are 
protected. 
Sources: (1) Costello,C.T., Kenworthy,W.J., 2011. Twelve-year mapping and change analysis of 
eelgrass (Zostera marina) areal abundance in Massachusetts (USA) identifies statewide 
declines. Estuar. Coasts 34, 232–242.
(2) Hubeny, J.B., M. Kenney, B. Warren, and J. Louisos. 2017. Multi-faceted monitoring of 
estuarine turbidity and particulate matter provenance: Case study from Salem Harbor, USA. 
Science of the Total Environment 574: 629-641.

Figure 4. Early Cretaceous to Paleocene continental-scale drainage reorganization. The ma-
jor Early Cretaceous (Aptian, ca. 125–113 Ma) drainage system was sourced in the Appala-
chian Mountains, and routed through the Assiniboia paleovalley to the Boreal Sea (green). 
Tributaries joined from the southwestern United States and eastern Canada. Only a small 
part of North America south of the Appalachian-Ouachita cordillera (orange) was routed to 
the Gulf of Mexico. A similar map for the early Albian (ca. 113–108 Ma) would include trib-
utaries from arc-dominated terrains in the northwestern United States and southwestern 
Canada. Red arrows indicate paleocurrents for basal Cretaceous fl uvial deposits (DeCelles, 

system of particulate matter inputs, and 
made clear that the dominant source of 
particulates in the harbor was phytoplank-
ton. However, this approach did not allow 
for the quantification of the phytoplankton, 
examination of specific phytoplankton 
communities, or investigation into the 
reasons for their possible high abundance. 
In 2017, the team took the next logical 
step and conducted a proof of concept 
pilot study to include the monitoring of 
phytoplankton, pigments (chlorophyll a 
and phaeophytin), and nutrients in addi-
tion to the established monitoring of 
carbon, nitrogen, and sulfur isotopes. 
Water quality parameters were also 

Figure 7. Renee attaching a weight belt 
to the water quality probe for bottom 
water measurements



By Andrew Parent, B.S., 2015
My “a-ha” moment as an undergrad, when I realized what corner of geoscienc-
es I wanted to sit in, didn’t happen until late in my career. Really late, actually, 
standing on a ridge in Frying Pan Gulch near Dillon, MT, just like all of us have 
or will on our way out of SSU. I always liked the big picture, thinking about 
basin-scale problems, and was on my way to an M.S. program where I’d be 
using seismic stratigraphy to answer these types of questions. But as I looked 
across Big Sky country, across our field area and beyond, I began to ask 
myself – how did these rocks really get here? I wasn’t so much thinking about 
their current state of disarray – buckled, folded, cracked and worn – even 
though I was, and still am, a big structure nerd. I was thinking much bigger 
than that, thinking about the passage of each individual grain from some far off 
bedrock exposure to its ultimate resting place on a riverbed.
Luckily for me, I’m now able to think a lot about the source-to-sink dynamics of 
sedimentary systems as a Ph.D. student here at Virginia Tech. There are many 
tools to choose from to attack provenance questions, but I keep it simple and 
rely on one – detrital zircons. Simply put, zircons hang around for a long, long 
time. They are some of the longest-lived residents of sedimentary systems 
being resistant to physical and chemical breakdown during weathering in the 
source area, transit to the basin, and modification during burial diagenesis. 
Several radioactive decay systems are encoded in zircons. The decay of 
uranium-238 to lead-206 provides us a crystallization age, the date at which an 
individual zircon grain was formed deep in the crust out of fresh magma (the 
date at which the U-Pb “clock starts,” as Brad would say). Crystallization, 
exhumation, and weathering introduce zircons to the sedimentary system. By 
extracting zircons from the stratigraphic record, we can use their U-Pb age to 
figure out where they came from (Figure 3).

Shedding new light on clastic sedimentary 
systems using detrital zircons

zircons exclusive to western U.S. source terranes suggests a major drainage 
re-organization somewhere near the Cretaceous-Paleogene Boundary (Fig-
ure 5), likely in part due to Laramide tectonism, which diverted grains which 
used to march north to the Boreal Sea east into the proto-Mississippi River, 
which eventually funneled these grains to the Gulf.

Bahamas, and northwest Australia. For this reason, scientists from NASA 
and the European Space Agency are preparing for their launch to Mars in the 
Australian Outback by fine-tuning their research techniques. In addition to 
having the ability to preserve evidence of past life, carbonate sediments 
could be used to piece together Mars’ climatic history because as they form 
they record changes in the interactions between carbon dioxide and water 
over time. This means scientists may be able to determine how Mars went 
from having a thicker atmosphere and liquid water to being ultimately a 
desert with an atmosphere one hundred times thinner than Earth’s. Through-
out this two-year mission, the team will explore more than just the rim of the 
Jezero Crater. They will be analysing the floor of the crater and the ancient 
river delta for a majority of the mission, with hopes to reach the rim toward the 
end of the mission. A study published in Geophysical Research Letters 
suggests that there is a hydrated silica-rich deposit located on the edge of 
this ancient delta (Tarnas et al., 2019). Hydrated silica is similar to carbonates 
in its ability to preserve records of ancient life forms. If this area is, in fact, the 
bottom layer of a delta, there is a good chance that microbial fossils were 
buried and preserved here. While satellite imagery has provided profound 
and unmatched insight about our neighboring planet, there are enormous 
limitations in conducting studies from such a 

Figure 1. Measuring 45 kilometers wide, Jezero Crater, located on Mars, is the landing site for 
NASA’s Mars 2020 mission. Encircled in black is the site where the rover will make its landing 
on Mars. Note: darker colors represent lower elevation. Image Source: NASA/-
JPL-Caltech/MSSS/JHU-APL/ESA

great distance. A close-up analysis of the 
Jezero Crater during the Mars 2020 mission 
will hopefully provide more constraining proof 
of ancient life on Mars (Figure 2).
Sources: (1) B.H.N. Horgan, R.B. Anderson, G. 
Dromart, E.S. Amador, M.S. Rice. The mineral diversity 
of Jezero crater: Evidence for possible lacustrine 
carbonates on Mars. Icarus, 2019; 113526 DOI: 
10.1016/j.icarus.2019.113526
(2) NASA/Jet Propulsion Laboratory. "NASA's Mars 
2020 will hunt for microscopic fossils." ScienceDaily. 
ScienceDaily, 14 November 2019. <www.sciencedai-
ly.com/releases/2019/11/191114103546.htm>.
(3) J.D. Tarnas, J.F. Mustard, Honglei Lin, T.A. Goudge, 
E.S. Amador, M.S. Bramble, C.H. Kremer, X. Zhang, Y. 
Itoh, M. Parente. Orbital identification of hydrated silica 
in Jezero crater, Mars. Geophysical Research Letters, 
2019; DOI: 10.1029/2019GL085584

Figure 2. https://mars.nasa.gov/mars2020/

So why do detrital zircon ages matter? What can they tell us? To answer this 
question, I often point people to Blum and Pecha (2014) Geology paper, which 
compares coeval (Cretaceous-Paleocene) sandstones from the Mississippi 
Embayment to sandstones from the Western Interior Seaway to assess the 
history and evolution of North American drainage. Detrital zircon ages from 
western Canadian Cretaceous sandstones reveal an abundance of young 
(Western Cordilleran) grains (Figure 4), derived from the nearby dissected arc 
of western North America – nothing surprising here. What is striking is the 
amount of Grenville, Appalachian, and Midcontinent zircons, whose ages are 
specific to eastern and south-central North America. The presence of these 
zircons suggests a continental-scale river system feeding the northern reach-
es of the Western Interior Seaway, ultimately draining to the Boreal Sea. 
Meanwhile, the U.S. Gulf of Mexico was receiving a similar abundance of 
Grenville and Appalachian zircons, but lacked the contributions from the 
Midcontinent and Cordillera. By the Paleocene, things change dramatically – 
changes only traceable by detrital zircons. Gulf of Mexico sandstones exhibit a 
broad swatch of  zircon  ages,  similar to  the  Cretaceous of western Canada, 
including  a  dominant  peak  of  Cordilleran zircons (Figure 4). Contribution of

Figure 3. Schematic         
catchment area includ-
ing source areas (differ-
ent colors with different 
ages), fluvial network, 
and delta in the basin. 
Note the lack of "green" 
age mode due to pond-
ing up-system (Romans 
et al., 2016).

This particular example highlights the utility and power of detrital zircons in 
pure provenance and landscape evolution studies. Detrital zircons have also 
gained traction in resource exploration in frontier basins. A 2017 follow-up 
from Blum and others, with a spatially and temporally extended dataset, uses 
detrital zircons to define drainage basin area (the spatial extent from which 
zircons are derived in a particular sedimentary system) which can then be 
used to predict the extent of down-system, submarine fans, which often serve 
as major hydrocarbon reservoirs. I’m currently working on using detrital 
zircons from the U.S. mid-Atlantic margin to reconstruct drainage configura-
tion and evolution during early development of the passive margin. I’ll be shar-
ing early results and interpretations at the joint Northeast-Southeast GSA 
Meeting in the spring – I hope to see you all there!

Figure 2. Normalized probability of detrital 
zircon (DZ) ages. Each plot sums probability 
distribution of individual analyses (n, fi rst 
number = all grains, second number if pres-
ent = all grains older than 275 Ma) from a 
number of samples (N), normalized so that 
areas beneath curves are equal. A: Aptian 
(ca. 125–112 Ma) McMurray formation (Fm.) 
from Imperial Oil Ltd. leases at Cold Lake, 
as well as Muskeg and Firebag in Atha-
basca (Canada). B: Albian (ca. 112–108 Ma) 
Clearwater and Grand Rapids Formations at 
Cold Lake (solid line—all grains, gray back-
ground—all grains older than 275 Ma).
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and relevant details that pertain to DZ source 
terrains and paleodrainage reconstruction.

RESULTS
McMurray strata are commonly interpreted 

to derive from the Western Cordillera and south-
western United States, although Canadian shield 
contributions are also recognized (e.g., Christo-
pher, 1980; Hein et al., 2013; Nardin et al., 2013). 
Benyon et al. (2014) recently provided new DZ 
data from Athabasca that show strong Grenville 
(1250–950 Ma) and Appalachian (500–300 Ma) 
ages, characteristic of the Appalachian Moun-
tains (Eriksson et al., 2003, 2004; Becker et al., 
2005; Park et al., 2010), and suggested three 
possible source and transport scenarios: (1) di-
rect transport from the Canadian shield; (2) pre-
Cretaceous transport from eastern North America 
to the southwest (e.g., Dickinson and Gehrels, 
2008, 2009; Gehrels et al., 2011), followed by 
Early Cretaceous recycling to the north (e.g. 
Leier and Gehrels, 2011); and (3) and pre-Cre-
taceous transport from eastern North America to 
western Canada, followed by local Early Creta-
ceous recycling. 

Like Benyon et al. (2014), our results show 
that McMurray DZ ages are dominated by Gren-
ville and Appalachian ages, with smaller contri-
butions from the Mid-Continent granite-rhyolite 
province (1500–1300 Ma) and Canadian shield 
(pre–2500 Ma) (Fig. 2A). The Yavapai-Mazat-
zal terrain (1800–1600 Ma) and Mesozoic arc 
(post–275 Ma), which would indicate south-
erly and westerly sources, provide only minor 
contributions; for example, arc-derived grains 
represent <2% of the population, one-third of 
that found in Early Cretaceous strata from Mon-
tana (Fuentes et al., 2009; Leier and Gehrels, 
2011) and Wyoming (May et al., 2013). How-
ever, our data also show distinct south to north 
changes: Cold Lake samples (paleo-upstream) 
have robust Appalachian-Grenville peaks, and 
small contributions from the Trans-Hudson 
orogen (2000–1800 Ma) of central Canada, 
whereas Appalachian-Grenville signals at Atha-

basca (paleo-downstream) are more diluted and 
Trans-Hudson signatures are more pronounced. 
Our data are therefore consistent with recycled 
contributions from the southwest, and primary 
contributions from the shield, but point to the 
Appalachian-Ouachita Mountains of southeast-
ern North America as the primary distal source. 
We therefore interpret the Assiniboia paleoval-
ley to represent the axis of a continental-scale 
fl uvial system with headwaters in the Appala-
chian cordillera 2500 km to the south and east. 
This system included tributaries from the west-
ern and southwestern United States, as well as 
central and eastern Canada.

DZ signatures from the Albian Clearwater 
and Grand Rapids Formations at Cold Lake 
are signifi cantly different (Fig. 2B), with indi-
vidual samples that contain >60% arc-derived 
zircons as young as ca. 108 Ma. Moreover, 
this young zircon population has a bimodal Ju-
rassic (ca. 155–175 Ma) and mid-Cretaceous 
(ca. 120–108 Ma) distribution, similar to high-
fl ux events in batholiths of the northwestern 
United States and southwestern Canada (De-
Celles et al., 2009). However, if zircons younger 
than 275 Ma are discounted, DZ populations are 
statistically indistinct from the underlying Mc-
Murray, which we interpret to indicate that the 
McMurray axial system within the Assiniboia 
paleovalley remained active, but western tribu-
taries had become integrated with the magmatic 
arc in the northwestern United States and south-
western Canada by that time.

nian strata, or a large Yavapai-Mazatzal signature, 
which indicates no connection with the western 
United States. Most important, DZ signatures 
from Woodbine outcrops are statistically indis-
tinct from the McMurray formation at Cold Lake 
(see the Data Repository), which we interpret to 
indicate that the Appalachian-Ouachita cordillera 
represented a mid-Cretaceous divide between 
Boreal Sea and GoM drainage, with GoM drain-
age limited to the southeastern United States.

DZ signatures from GoM Paleocene Wilcox 
strata vary signifi cantly along the outcrop belt 
(Fig. 3B). In Alabama and Mississippi, DZ sig-
natures are dominated by Appalachian-Gren-
ville sources, are statistically indistinct from 
the Cenomanian Tuscaloosa, and were derived 

distribution of individual analyses (n, fi rst 
number = all grains, second number if pres-
ent = all grains older than 275 Ma) from a 
number of samples (N), normalized so that 
areas beneath curves are equal. A: Aptian 
(ca. 125–112 Ma) McMurray formation (Fm.) 
from Imperial Oil Ltd. leases at Cold Lake, 
as well as Muskeg and Firebag in Atha-
basca (Canada). B: Albian (ca. 112–108 Ma) 
Clearwater and Grand Rapids Formations at 
Cold Lake (solid line—all grains, gray back-
ground—all grains older than 275 Ma).

Figure 3. Normalized probability plots of de-
trital zircon (DZ) ages from the Gulf of Mex-
ico coastal plain. N—number of samples; 
n—number of analyses. A: Cenomanian 
Tuscaloosa-Woodbine Formations trend. B: 
Paleocene Wilcox Group trend; samples are 
grouped according to their likely relation-
ship to modern extant drainages.

Figure 4. Detrital zircon U-Pb age spectra of western Canada (left) and Gulf of Mexico (right) 
sandstones. Note the contrast in Cordilleran abundance between the Cenomanian and Paleo-
cene Gulf of Mexico. N = number of bulk samples, n = number of dated, individual zircon grains 
(Blum and Pecha, 2014).

Sources: (1) Blum, M. and Pecha, M., 2014, Mid-Cretaceous to Paleocene North American 
drainage reorganization from detrital zircons: Geology, 42, no. 7, p. 607-610. 
doi:10.1130/G35513.1.
 

(2) Blum, M.D., Milliken, K.T., Pecha, M.A., Snedden, J.W., Frederick, B.C., and Galloway, 
W.E., 2017, Detrital-zircon records of Cenomanian, Paleocene, and Oligocene Gulf of Mexico 
drainage integration and sediment routing: Implications for scales of basin-floor fans: 
Geosphere, v. 13, no. 6, p. 1-37. doi:10.1130/GES01410.1. https://pubs.geoscience-
world.org/gsa/geology/article/42/7/607/131622/Mid-Cretaceous-to-Paleocene-North-American
 

(3) Romans, B.W., Castelltory, S., Covault, J.A., Fildani, A., and Walsh, J.P., 2016, Environmen-
tal signal propagation in sedimentary systems across timescales: Earth-Science Reviews, v. 
153, p. 7-29. doi:10.1016/j.earscirev.2015.07.012.

Figure 5. Continental 
drainage re-organi-
zation inferred from 
U-Pb detrital zircon 
geochronology (Blum 
and Pecha, 2014).
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