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ONLINE MEETING ANNOUNCEMENT

DATE:  Wednesday, October 28, 2020 
LOCATION:  Online using Zoom (see registration info on Page 2)
TIME:  7 pm to 8:30 pm  

SPEAKER:                        Dr. Jared Gooley, U.S.
 Geological Survey

TOPIC:          “From Forearc to Transform: 
Sedimentary Record of Changing 
Tectonic Setting in the Central 
California Continental Margin”

Convergent continental margins are complex settings that 
characteristically juxtapose exhumed rocks adjacent to rapidly 
subsiding basins. Moreover, major transform margins can obscure 
paleogeographic relationships through lateral translation along strike-
slip faults. While these structural and stratigraphic complexities are 
integrated over time as plate boundaries transition between these 
settings, careful analysis of provenance signals preserved in associated 
sedimentary basins can be used to decipher local and regional tectonic 
history.
This talk will explore the stratigraphic record of the Mount Diablo 
region, which has been located within a hypothesized persistent 
corridor for clastic sediment delivery to the central California 
continental margin over the past 100 million years. New detrital zircon 
U-Pb geochronology is integrated with previously established geologic 
and sedimentologic relationships to document how Late Cretaceous 
through Cenozoic trends in sandstone composition varied through time 
in response to changing tectonic environments and paleogeography. 
Petrographic composition and detrital zircon age distributions 
demonstrate systematic transitions in sediment supply from: (1) the 
Klamath Mountains and northwestern Sierran Foothills Belt; (2) Sierra 
Nevada batholith; (3) Idaho batholith and Challis volcanic field; (4) 
northeastern and west-central Nevada caldera belts; (5) Ancestral 
Cascade volcanism; and (6) recycled Mesozoic subduction complex 
and forearc basin strata. These provenance trends demonstrate a 
reorganization and expansion of the western continental drainage 
catchment in the California forearc during the late transition to flat-slab 
subduction of the Farallon plate, subsequent volcanism and 
southwestward migration of the paleodrainage divide during slab roll-
back, and ultimately the cessation of convergent margin tectonics and
initiation of the continental transform margin in north-central Calif.

 (continued on last page)
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NCGS 2020 – 2021 Calendar 

November 18, 2020          7:00 pm
Dr. Lori Dengler, Humboldt State University (Emerita)
KAome - Extraordinary Tsunami Boat Linking Japan 

and California Communities

January 27, 2021          7:00 pm
Dr. Christie Rowe, McGill University

Understanding Earthquake Cycles from Exhumed 
Faults and Shear Zones

February 24, 2021          7:00 pm
Dr. Tiziana Vanorio, Stanford University

Cementing Roman Concrete to a Caldera

NCGS Zoom Meeting Instructions – 
ADVANCE REGISTRATION 

REQUIRED
Until the Contra Costa County Health Department 
clears us to meet in person, we will be holding our 
monthly meetings via ZOOM.  Jim O’Brient, our 
Program Manager, will host these meetings AND 
EVERONE MUST REGISTER EACH MONTH to 
attend since meeting slots are limited to 100.
Members only can reserve a slot.  Register by sending 
an email note to j.obrient@comcast.net who will 
reserve these on a first-come, first served basis starting 
each month when the newsletter is published.  Please 
send this note from the email address that you want used 
for the meeting link.  Once registered, you will receive 
an invitation for the actual Zoom meeting from Jim that 
includes the link to join the meeting.
Registration will close three days before the event – 
since our meetings are on Wednesday evening from 
7:00 – 8:30 PM, this will be Sunday evening at 7 PM.  
Zoom invitations will be emailed on Monday by 7 
PM.  For newcomers to Zoom, Jim can host 30-minute 
practice sessions on Tuesday at 2 PM (day before the 
meeting) or Wednesday at 2PM (day of meeting).  Ask 
to register for those sessions in the same email you send 
to register for the meeting.
The invitations will come via a calendar invite that you 
simply accept (YES) in order to place this on your 
calendar.  Jim’s default calendar is Google. He will also 
copy the link to you in email, but if that is used a 
password may be required as well (that will be included 
in the invitation).  DO NOT FORWARD THIS LINK 
TO ANYONE ELSE.

The meeting will use a “waiting room” for security 
purposes.  The host will open the meeting about 6:30 
PM to provide some social time on screen before the 
meeting.  You will be admitted by host after matching 
names to the registration list- please be patient.  To save 
the host work, please try to join the meeting no later 
than 6:50 PM as it will take longer to gain admittance 
after the meeting starts.  You will need to turn on your 
own video and audio once you have entered the 
meeting.  Once the meeting starts, the host will mute 
everyone and ask that your video be turned off to 
minimize bandwidth constraints for a big group except 
when requested by the host for specific meeting roles.  
The chat feature will be available throughout the session 
and video and audio will be available to all participants 
once we get to Q&A.

View the September Presentation
We held a successful meeting in September via Zoom, 
and we hope that all who wanted to see it were able to, 
without significant interruption or other issues.  If you 
missed it or would just like to see it again, please use 
the following link and password:
https://us02web.zoom.us/rec/share/qoyMXuK70wRRT
twe4gQp6wYeNwx_nIktRu1EoEa8pLMM7vCmVhW
ihd6xLMYTJqcn._0kWHqoSLECVA0bs 
Passcode: 1Rjk2^S+  (Note:  We suggest that you type 
in the password, rather than cutting and pasting it in.) 

Please Include NCGS in Your Estate 
Plan

Over the past 14 years, the Northern California 
Geological Society has awarded 43 scholarships 
totaling $53,250 to Masters and PhD students for 
projects related to Northern California geology as a 
result of a generous bequest from Richard Chambers, a 
former NCGS member. In today's environment of low 
interest rates, this fund will be depleted in the next few 
years.
If you are one of our fortunate members who is able to 
provide sufficient funds in your estate to meet all your 
family's needs, please consider including  in your will 
or estate plan a bequest to allow NCGS to continue to 
award geology scholarships to deserving candidates. 
Bequests in excess of $50,000 will carry the bequestor's 
name on a memorial fund from which scholarships are 
distributed.
If interested, please discuss specific arrangements with 
your estate planner. The NCGS is an unincorporated 

mailto:j.obrient@comcast.net
https://us02web.zoom.us/rec/share/qoyMXuK70wRRTtwe4gQp6wYeNwx_nIktRu1EoEa8pLMM7vCmVhWihd6xLMYTJqcn._0kWHqoSLECVA0bs
https://us02web.zoom.us/rec/share/qoyMXuK70wRRTtwe4gQp6wYeNwx_nIktRu1EoEa8pLMM7vCmVhWihd6xLMYTJqcn._0kWHqoSLECVA0bs
https://us02web.zoom.us/rec/share/qoyMXuK70wRRTtwe4gQp6wYeNwx_nIktRu1EoEa8pLMM7vCmVhWihd6xLMYTJqcn._0kWHqoSLECVA0bs
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association and a tax-exempt 501 (c) 6 organization 
(EIN 23-7163206).

THE 75th ANNIVERSARY VOLUME OF 
THE NORTHERN CALIFORNIA 

GEOLOGICAL SOCIETY:
THE REGIONAL GEOLOGICAL 
SETTING OF MOUNT DIABLO

The following table summarizes the 18 contributions to 
the Regional Geologic Setting of Mount Diablo a special 
volume scheduled to be published by the Geological 
Society of America in Summer 2021.  The editors are Ray 
Sullivan, Doris Sloan, Jeff Unruh, and David Schwartz.

Table of Contents
Chapter 1 – Introduction Author(s)

History of Geological 
Exploration

Bartow

History of Coal and Sand 
Mining

Sullivan et al.

Mercury Deposits on Mt Diablo Motzer
Aggregate Mining on Mt. Zion, 
Clayton 

Goodwin

Petroleum occurrences in the Mt. 
Diablo region

Hector et al.

Geomorphic Evolution due to 
Road Construction on Mt Diablo

Fuller

Chapter 2 – Structure

Franciscan Complex Mt. Diablo Wakabayashi
Geological Framework of Mt. 
Diablo

Graymer and 
Langenheim

Interaction of Extensional, 
Contractional, and Strike-slip 
Elements at Mount Diablo 

Medwedeff

Upper plate deformation during 
blueschist exhumation: 
stratigraphic and structural 
relationships Mt. Diablo

Unruh

Tectonic Development of Mt. 
Diablo: A Retrospective

Figuers and Crane 
(deceased)

Neogene Volcanism on the east 
side of Mt. Diablo

Sullivan et al.

Chapter 3 – Stratigraphy

Mid to late Cenozoic 
Stratigraphy, NE flanks of Mt. 

Sullivan et al.

Diablo
Detrital Zircon Study of the 
Tertiary

Gooley et al.

Tephra  Provenances in the 
Upper Tertiary succession

Sarna-Wojcicki et 
al.

Miocene Rocks of East Bay Hills Ross, et al.
Late Tertiary Geological History 
of Mt. Diablo region

Sarna-Wojcicki et 
al.

Biotic Events in the Paleogene 
succession

McDougall

NCGS 75th Anniversary
It’s been 75 years since the NCGS began as an 
outgrowth of a genial gathering, over brews, of 
geologists from a variety of mostly petroleum 
exploration companies, in Rio Vista in 1944. Please 
join us as we celebrate this landmark anniversary.  We 
are progressing toward completion in 2021 of the 
release The Regional Geologic Setting of Mount 
Diablo in a special publication of Geological Society 
of America.  The manuscript is in its final stages and 
all the articles have been submitted.  The volume will 
be a colorful in-depth study of the geology of Mt. 
Diablo by the leading experts in their field.  Donations 
are being sought to cover the costs of numerous color 
photographs and figures.  A major donation has been 
provided by Save Mount Diablo together with access 
to their outstanding collection of professional 
photographs.  Add your name to the contributors to this 
75th Anniversary publication by sending a tax-exempt 
donation to the NCGS publication fund established by 
the GSA specifically to cover the cost of color printing.   
Recently, GSA has elected to upgrade the publication 
to Memoir, their highest publication rating, with a hard 
cover.

NCGS member contributions to the publication 
of this volume are very welcome

Members can simply send a check or online donation 
to the GSA Foundation and designate that it is being 
given to the Mt. Diablo Publications Fund. There is a 
spot in the online donation system where you can 
specify “Mt Diablo Fund.”  If sending a check, please 
write "Pubs Fund Mt. Diablo" on the memo line.
Address: GSA Foundation

PO Box 9140
Boulder, CO 80301

Online: https://gsa-foundation.org/donate/

https://gsa-foundation.org/donate/
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Fall Lecture Series of Pacific Section, SEPM 
(Society for Sedimentary Geology)

Explore the latest in west-coast sedimentology in this 
semi-monthly, online lecture series hosted by the 
Pacific Section.  Lectures on interesting topics are held 
on the first and third Wednesdays of the month, at 5:00-
6:00 PM (Pacific Time).  You can join from home via 
Zoom, by going to www.pacificsectionsepm.org.
The next two lectures are: 
Dan Sturmer – Department of Geology, University of 
Cincinnati:  Looking through the window of tectonics: 
late Paleozoic tectonism, basin evolution, and 
paleogeography of eastern Nevada on Wednesday, 
October 21 at 5 pm, and
Carol Dehler – Department of Geosciences, Utah State 
University:  Global glaciations in deep time: what they 
can tell us about climate change on Wednesday, 
November 4 at 5 pm.
 

Information on Professional Registration 
with the State of California

Professional registrations for geologists are handled 
through the Board for Professional Engineers, Land 
Surveyors and Geologists, 2535 Capitol Oaks Drive, 
Suite 300, Sacramento, CA 95833, at (916) 263-2406, 
online at www.bpelsg.ca.gov.  Please visit the Board’s 
webpage and select the Online Services tab for a 
schedule of upcoming webinars, at 
https://www.bpelsg.ca.gov/online_services/index.shtml.

If you are interested in obtaining a GIT certificate, PG 
license, PGP license or CEG/CHG specialty title 
authority, you may want to attend a free online 
workshop to learn about the licensing process and 
application requirements. These workshops are not 
mandatory, and are provided as a service to help you 
understand the requirements.  The workshops will be 
offered several times per year depending on demand.
• Frequently Asked Questions: How to apply for 
a GIT, PG, PGp, CHG or CEG license or certificate, 
August 26, 2020 and October 7, 2020 at 10am, (30 to 
45 minutes)
• For References: Completing the Independent 
Evaluation form for PG, PGp, CHG or CEG 
applications, August 26, 2020 and October 7, 2020 at 
11am, (30 to 45 minutes)
• After the Exams: Next steps in the process for 
GIT, PG, PGp, CHG or CEG applications, November 
18, 2020 and December 30, 2020 at 10am, (15 to 30 
minutes)

• Introduction to the laws and regulations for 
geology and geophysics license applicants and new 
licensees, November 18, 2020 and December 30, 2020 
at 11am, (45 to 60 minutes)

Streetcar 2 Subduction Geological Field 
Trips Using Google Earth

Streetcar 2 Subduction is a collection of geological 
field trips that take users to some of the world-class 
geological sites of the San Francisco Bay Area. In 1979, 
Clyde Wahrhaftig created a geology tour of the San 
Francisco Bay Area, which was updated and published 
by American Geophysical Union (AGU) as “A 
Streetcar to Subduction and Other Plate Tectonic Trips 
by Public Transport in San Francisco” in 1984. Forty 
years later, as part of AGU’s Centennial, the “Streetcar” 
tours have been revised, with new trips added, and old 
exposures that have vanished removed, taking what 
once was a print book and turning it into a digital 
experience through Google Earth.  
Streetcar 2 Subduction is designed for anyone to 
explore the geology of the San Francisco Bay area with 
their phone or cellular enabled device and the Google 
Earth App. The experience is modular and can take 
anyone from a few hours to a few days depending on 
how many trips and stops they would like to make. 
Many of the trips are accessible through public 
transportation, but a few outlying trips are best reached 
by driving. The trip can also be explored by those at 
home through their internet browser, at:
https://www.agu.org/learn-and-
develop/learn/streetcar2subduction/streetcar2subduction

NCGS Outreach Opportunities
There are no announcements for NCGS outreach this 
month, but keep an eye on this space, and for emails that 
may come from Greg Bartow, our recording secretary.  

WE HAVE A FACEBOOK GROUP!  FIND US 
ON FACEBOOK @NCGEOLSOC AND 

TWITTER @NORCALGEOSOC

Check out our updated NCGS Website at 
http://ncgeolsoc.org/.  We have posted many older field 
trip guidebooks for free downloading, and we describe 
the process for purchasing newer guidebooks. The 
website includes a list of upcoming meetings, 
information on our scholarship program, a list of useful 
web links, and list of NCGS officers.

http://www.pacificsectionsepm.org/
http://www.bpelsg.ca.gov/
https://www.agu.org/learn-and-develop/learn/streetcar2subduction/streetcar2subduction
https://www.agu.org/learn-and-develop/learn/streetcar2subduction/streetcar2subduction
http://ncgeolsoc.org/
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UC Berkeley Earth & Planetary Science 
Weekly Seminar Series

UC Berkeley’s seminar series has been re-inaugurated 
for Thursdays (usually) at 3:45 pm for most of the 
academic year, but the location has changed – now on 
Zoom! On October 22, Pupa Gilbert of LBNL will 
speak on How organisms make crystals.  Join the 
meeting with the link provided to members of the 
departmental email list. To join their email list, see: 
eps_frontoffice@berkeley.edu. For the listing of 
upcoming seminars, go to 
http://eps.berkeley.edu/events/seminars. 

NCGS Board Meetings
Board meetings (online for now) are open to all NCGS 
members.  Please contact Tom MacKinnon if you’d like 
to attend, at tom.mackinnon@comcast.net. (Board 
meetings are generally held on Saturday mornings in 
January, April/May, and August/September.) 

USGS Evening Public Lecture Series
The USGS evening public lecture series events are free 
and are intended for a general public audience that may 
not be familiar with the science being discussed.  
Normally held at Rambo Auditorium, 345 Middlefield 
Road, Menlo Park, the only current information is that 
there will be no evening public lectures through 2020.  
Check back later for information on newly schedules 
lectures for 2021, plus a map of the location, at: 
https://online.wr.usgs.gov/calendar/.

Have You Renewed Your Membership?
Welcome to a new decade – but now is the time to check 
your membership status.  Please see page 13 for a blank 
registration form, and mail it in as indicated to our new 
treasurer Don Medwedeff.

2023 GSA Cordilleran Section Meeting 
Coming to Sacramento

John Wakabayashi has informed us that the 2023 GSA 
Cordilleran Section Meeting will be in Sacramento. 
John plans to lead a Mt Diablo Field trip for that 
meeting – his trips are great, so mark your calendars! 

Ancient volcanoes once boosted ocean 
carbon, but humans are now far 

outpacing them
from Phys.org/news

by Earth Institute at Columbia University

September 14, 2020

A living foraminifera, a type of marine plankton, that 
researchers grew in laboratory culture. To reconstruct past 
climate, fossilized specimens are collected from deep sea 
sediments. 
Credit: Bärbel Hönisch/Lamont-Doherty Earth 
Observatory

A new study of an ancient period that is considered the 
closest natural analog to the era of modern human carbon 
emissions has found that massive volcanism sent great 
waves of carbon into the oceans over thousands of years—
but that nature did not come close to matching what 
humans are doing today. The study estimates that humans 
are now introducing the element three to eight times faster, 
or possibly even more. The consequences for life both in 
the water and on land are potentially catastrophic. The 
findings appear this week in the journal Proceedings of the 
National Academy of Sciences.

Researchers at Columbia University's Lamont-Doherty 
Earth Observatory examined ocean conditions 55.6 
million years ago, a time known as the Paleocene-Eocene 
Thermal Maximum (PETM). Before this, the planet was 
already considerably warmer than it is today, and the 
soaring CO2 levels of the PETM drove temperatures up 
another 5 to 8 degrees C (9 to 14 degrees F). The oceans 
absorbed large amounts of carbon, spurring chemical 
reactions that caused waters to become highly acidic, and 
killing or impairing many marine species.

Scientists have known about the PETM carbon surge for 
years, but until now, have been shaky on what caused it. 
Aside from volcanism, hypotheses have included the 
sudden dissolution of frozen methane (which contains 
carbon) from ocean-floor muds, or even a collision with a 
comet. Researchers have also been uncertain about how 
much carbon dioxide was present in the air, and thus how 
much the oceans took in. The new study solidifies both the 
volcano theory, and the amount of carbon that was 
released into the air.

http://eps.berkeley.edu/events/seminars
mailto:tom.mackinnon@comcast.net
https://online.wr.usgs.gov/calendar/
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The research is directly relevant to today, said lead author 
Laura Haynes, who did the research as a graduate student 
at Lamont-Doherty. "We want to understand how the earth 
system is going to respond to rapid CO2 emissions now," 
she said. "The PETM is not the perfect analog, but it's the 
closest thing we have. Today, things are moving much 
faster." Haynes is now an assistant professor at Vassar 
College.

Up to now, marine studies of the PETM have relied on 
scant chemical data from the oceans, and assumptions 
based on a certain degree of guesswork that researchers 
fed into computer models.

The authors of the new study got at the questions more 
directly. They did this by culturing tiny shelled marine 
organisms called foraminifera in seawater that they 
formulated to resemble the highly acidic conditions of the 
PETM. They recorded how the organisms took up the 
element boron into their shells during growth. They then 
compared these data with analyses of boron from 
fossilized foraminifera in Pacific and Atlantic ocean-floor 
cores that span the PETM. This allowed them to identify 
carbon-isotope signatures associated with specific carbon 
sources. This indicated that volcanoes were the main 
source—probably from massive eruptions centered 
around what is now Iceland, as the North Atlantic ocean 
opened up, and northern North America and Greenland 
separated from northern Europe.

The researchers say the carbon pulses, which others 
estimate lasted for at least 4,000 to 5,000 years, added as 
much as 14.9 quadrillion metric tons of carbon to the 
oceans—a two-thirds increase over their previous content. 
The carbon would have come from CO2 emitted directly 
by the eruptions, the combustion of surrounding 
sedimentary rocks, and some methane welling up from the 
depths. As the oceans absorbed carbon from the air, waters 
became highly acidic, and remained that way for tens of 
thousands of years. There is evidence that this killed off 
much deep-sea life, and probably other marine creatures 
as well.

Today, human emissions are causing carbon dioxide in the 
atmosphere to skyrocket, and the oceans are again 
absorbing much of it. The difference is that we are 
introducing it much faster than the volcanoes did—within 
decades instead of millennia. Atmospheric levels have 
shot up from about 280 parts per million in the 1700s to 
about 415 today, and they are on a path to keep rising 
rapidly. Atmospheric levels would already be much higher 
if the oceans were not absorbing so much. As they do, 
rapid acidification is starting to stress marine life.

"If you add carbon slowly, living things can adapt. If you 
do it very fast, that's a really big problem," said the study's 
coauthor Bärbel Hönisch, a geochemist at Lamont-
Doherty. She pointed out that even at the much slower 

pace of the PETM, marine life saw major die-offs. "The 
past saw some really dire consequences, and that does not 
bode well for the future," she said. "We're outpacing the 
past, and the consequences are probably going to be very 
serious."

Journal Reference:  Laura L. Haynes et al., "The 
seawater carbon inventory at the Paleocene–Eocene 
Thermal Maximum," PNAS (2020). 
www.pnas.org/cgi/doi/10.1073/pnas.2003197117. 

Earth grows fine gems in minutes
Crystals could grow up to a yard per day in some 

cooling magmas
ScienceDaily, October 6, 2020

Source: Rice University 
Rome wasn't built in a day, but some of Earth's finest 
gemstones were, according to new research from Rice 
University. Aquamarine, emerald, garnet, zircon and 
topaz are but a few of the crystalline minerals found 
mostly in pegmatites, veinlike formations that commonly 
contain both large crystals and hard-to-find elements like 
tantalum and niobium. Another common find is lithium, a 
vital component of electric car batteries.

"This is one step towards understanding how Earth 
concentrates lithium in certain places and minerals," said 
Rice graduate student Patrick Phelps, co-author of a study 
published online in Nature Communications. "If we can 
understand the basics of pegmatite growth rates, it's one 
step in the direction of understanding the whole picture of 
how and where they form."

Pegmatites are formed when rising magma cools inside 
Earth, and they feature some of Earth's largest crystals. 
South Dakota's Etta mine, for example, features log-sized 
crystals of lithium-rich spodumene, including one 42 feet 
in length in weighing an estimated 37 tons. The research 
by Phelps, Rice's Cin-Ty Lee and Southern California 
geologist Douglas Morton attempts to answer a question 
that has long vexed mineralogists: How can such large 
crystals be in pegmatites?

"In magmatic minerals, crystal size is traditionally linked 
to cooling time," said Lee, Rice's Harry Carothers Wiess 
Professor of Geology and chair of the Department of 
Earth, Environmental and Planetary Sciences at Rice. 
"The idea is that large crystals take time to grow.

Magma that cools rapidly, like rock in erupted lavas, 
contains microscopic crystals, for example. But the same 
magma, if cooled over tens of thousands of years, might 
feature centimeter-sized crystals, Lee said.

"Pegmatites cool relatively quickly, sometimes in just a 
few years, and yet they feature some of the largest crystals 

http://www.pnas.org/cgi/doi/10.1073/pnas.2003197117
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on Earth," he said. "The big question is really, 'How can 
that be?'"

When Phelps began the research, his most immediate 
questions were about how to formulate a set of 
measurements that would allow him, Lee and Morton to 
answer the big question. "It was more a question of, 'Can  
we figure out how fast they actually grow?'" Phelps said. 
"Can we use trace elements -- elements that don't belong 
in quartz crystals -- to figure out the growth rate?"

It took more than three years, a field trip to gather sample 
crystals from a pegmatite mine in Southern California, 
hundreds of lab measurements to precisely map the 
chemical composition of the samples and a deep dive into 
some 50-year-old materials science papers to create a 
mathematical model that could transform the chemical 
profiles into crystal growth rates.

"We examined crystals that were half an inch wide and 
over an inch long," Phelps said. "We showed those grew 
in a matter of hours, and there is nothing to suggest the 
physics would be different in larger crystals that measure 
a meter or more in length. Based on what we found, larger 
crystals like that could grow in a matter of days."

Pegmatites form where pieces of Earth's crust are drawn 
down and recycled in the planet's molten mantle. Any 
water that's trapped in the crust becomes part of the melt, 
and as the melt rises and cools, it gives rise to many kinds 
of minerals. Each forms and precipitates out of the melt at 
a characteristic temperature and pressure. But the water 
remains, making up a progressively higher percentage of 
the cooling melt.

"Eventually, you get so much water left over that it 
becomes more of a water-dominated fluid than a melt-
dominated fluid," Phelps said. "The leftover elements in 
this watery mixture can now move around a lot faster. 
Chemical diffusion rates are much faster in fluids and the 
fluids tend to flow more quickly. So when a crystal starts 
forming, elements can get to it faster, which means it can 
grow faster."

Crystals are ordered arrangement of atoms. They form 
when atoms naturally fall into that arranged pattern based 
on their chemical properties and energy levels. For 
example, in the mine where Phelps collected his quartz 
samples, many crystals had formed in what appeared to be 
cracks that had opened while the pegmatite was still 
forming.

"You see these pop up and go through the layers of 
pegmatite itself, almost like veins within veins," Phelps 
said. "When those cracks opened, that lowered the 
pressure quickly. So the fluid rushed in, because 
everything's expanding, and the pressure dropped 
dramatically. All of a sudden, all the elements in the melt 
are now confused. They don't want to be in that physical 

state anymore, and they rapidly start coming together in 
crystals."

To decipher how quickly the sample crystals grew, Phelps 
used both cathodoluminescence microscopy and laser 
ablation with mass spectrometry to measure the precise 
amount of trace elements that had been incorporated into 
the crystal matrix at dozens of points during growth. From 
experimental work done by materials scientists in the mid-
20th century, Phelps was able to decipher the growth rates 
from these profiles.

"There are three variables," he said. "There's the 
likelihood of things getting brought in. That's the partition 
coefficient. There's how fast the crystal is growing, the 
growth rate. And then there's the diffusivity, so how 
quickly elemental nutrients are brought to the crystal."

Phelps said the fast growth rates were quite a surprise. 
"Pegmatites are pretty short-lived, so we knew they had to 
grow relatively fast," he said. "But we were showing it was 
a few orders of magnitude faster than anyone had 
predicted.

"When I finally got one of these numbers, I remember 
going into Cin-Ty's office, and saying, 'Is this feasible? I 
don't think this is right.'" Phelps recalled. "Because in my 
head, I was still kind of thinking about a thousand-year 
time scale. And these numbers were meaning days or 
hours.

"And Cin-Ty said, 'Well, why not? Why can't it be right?'" 
Phelps said. "Because we'd done the math and the physics. 
That part was sound. While we didn't expect it to be that 
fast, we couldn't come up with a reason why it wasn't 
plausible."  The research was supported by the National 
Science Foundation.

Journal Reference:  Patrick R. Phelps, Cin-Ty A. Lee, 
Douglas M. Morton, “Episodes of fast crystal growth in 
pegmatites.”  Nature Communications, 2020; 11 (1) DOI: 
10.1038/s41467-020-18806-w.

Living in an anoxic world: Microbes 
using arsenic are a link to early life

ScienceDaily: September 22, 2020
Source: University of Connecticut

Much of life on planet Earth today relies on oxygen to 
exist, but before oxygen was present on our blue planet, 
lifeforms likely used arsenic instead. These findings are 
detailed in research published today in Communications 
Earth and Environment.

A key component of the oxygen cycle is where plants and 
some types of bacteria essentially take sunlight, water and 
CO2 and convert them to carbohydrates and oxygen which 
are then cycled and used by other organisms that breathe 
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oxygen. This oxygen serves as a vehicle for electrons, 
gaining and donating electrons as it powers through the 
metabolic processes. However, for half of the time life has 
existed on Earth, there was no oxygen present and for the 
first 1.5 billion years we really do not know how these 
systems worked, says lead author of the study and UConn 
Professor of Marine Sciences and Geosciences Pieter 
Visscher.

Light-driven, photosynthetic organisms appear in the 
fossil record as layered carbonate rocks called 
stromatolites dating to around 3.7 billion years ago, says 
Visscher. Stromatolite mats are deposited over the eons by 
microbial ecosystems, with each layer holding clues about 
life at that time. There are contemporary examples of 
microbes that photosynthesize in the absence of oxygen 
using a variety of elements to complete the process, 
however it is not clear how this happened in the earliest 
life forms.

Theories as to how life's processes functioned in the 
absence of oxygen have mostly relied on hydrogen, sulfur, 
or iron as the elements that ferried electrons around to 
fulfill the metabolic needs of organisms.

Visscher explains these theories are contested, for 
example photosynthesis is possible with iron but 
researchers do not find evidence of that in the fossil record 
before oxygen appeared some 2.4 billion years ago. 
Hydrogen is mentioned yet the energetics and competition 
for hydrogen between different microbes shows it is 
highly unfeasible.

Arsenic is another theoretical possibility, and evidence for 
that was found in 2008. Visscher says the link with arsenic 
was strengthened in 2014 when he and colleagues found 
evidence of arsenic-based photosynthesis in deep time. To 
further support their theory, the researchers needed to find 
a modern analog to study the biogeochemistry and 
element cycling.

Finding an analog to the conditions on early Earth is a 
challenge for a number of reasons, besides the fact that 
oxygen is abundant on modern earth. For instance, the 
evidence shows early microbes captured atmospheric 
carbon and produced organic matter at a time when 
volcanic eruptions were frequent, UV light was intense in 
the absence of the ozone layer, and oceans were 
essentially a toxic soup.

Another challenging aspect of working within the fossil 
record, especially those as ancient as some stromatolites, 
is that there are few left due to the cycling of rock as 
continents move and time marches on. However, a 
breakthrough happened when the team discovered an 
active microbial mat, currently existing in the harsh 
conditions in Laguna La Brava in the Atacama Desert in 
Chile.

The mats have not been studied previously but present an 
otherworldly set of conditions, like those of early Earth. 
The mats are in a unique environment which leaves them 
in a permanent oxygen-free state at high altitude where 
they are exposed to wild, daily temperature swings, and 
high UV conditions. The mats serve as powerful and 
informative tools for truly understanding life in the 
conditions of early Earth.

Visscher explains, "We started working in Chile, where I 
found a blood red river. The red sediments are made up by 
anoxogenic photosynthetic bacteria. The water is very 
high in arsenic as well. The water that flows over the mats 
contains hydrogen sulfide that is volcanic in origin and it 
flows very rapidly over these mats. There is absolutely no 
oxygen."

The team also showed that the mats were making 
carbonate deposits and creating a new generation of 
stromatolites. The carbonate materials also showed 
evidence for arsenic cycling -- that arsenic is serving as a 
vehicle for electrons -- proving that the microbes are 
actively metabolizing arsenic much like oxygen in modern 
systems. Visscher says that these findings, along with the 
fossil evidence gives a strong indication of what was seen 
on early earth.

"Arsenic-based life has been a question in terms of does it 
have biological role or is it just a toxic compound?" says 
Visscher. That question appears to be answered, "I have 
been working with microbial mats for about 35 years or 
so. This is the only system on Earth where I could find a 
microbial mat that worked absolutely in the absence of 
oxygen."

Visscher points out that an important tool they used to 
perform this research is similar to one onboard the Mars 
Perseverance rover, currently en route to Mars. "In 
looking for evidence of life on Mars they will be looking 
at iron and probably they should be looking at arsenic 
also.”

Journal Reference:  Pieter T. Visscher, Kimberley L. 
Gallagher, Anthony Bouton, Maria E. Farias, Daniel 
Kurth, Maria Sancho-Tomás, Pascal Philippot, Andrea 
Somogyi, Kadda Medjoubi, Emmanuelle Vennin, Raphaël 
Bourillot, Malcolm R. Walter, Brendan P. Burns, Manuel 
Contreras, Christophe Dupraz. Modern arsenotrophic 
microbial mats provide an analogue for life in the anoxic 
Archean. Communications Earth & Environment, 2020; 1 
(1) DOI: 10.1038/s43247-020-00025-2. 

Who is driving whom? Climate and 
carbon cycle in perpetual interaction

ScienceDaily: October 6, 2020
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Source: MARUM - Center for Marine Environmental 
Sciences, University of Bremen

The current climate crisis underlines that carbon cycle 
perturbations can cause significant climate change. 
New research reveals how carbon cycle and global 
climate have been interacting throughout the last 35 
million years of geologic history, under natural 
circumstances.
Human-made global heating has long been presented as 
a relatively simple chain of cause and effect: humans 
disrupt the carbon cycle by burning fossil fuels, thereby 
increase the concentration of CO2 in the atmosphere, 
which in turn leads to higher temperatures around the 
globe. "However, it becomes increasingly clear that this 
is not the end of the story. Forest fires become more 
frequent all over the world, release additional CO2 into 
the atmosphere, and further reinforce the global 
warming that enhanced forest fire risk in the first place. 
This is a textbook example of what climate scientists 
call a positive feedback mechanism," stresses David De 
Vleeschouwer, a postdoctoral researcher at MARUM -
- Center for Marine Environmental Sciences at the 
University of Bremen.
To reveal these kind of climate-carbon cycle feedback 
mechanisms under natural circumstances, David De 
Vleeschouwer and colleagues exploited isotopic data 
from deep-ocean sediment cores. "Some of these cores 
contain sediments of up to 35 million years old. Despite 
their respectable age, these sediments carry a clear 
imprint of so-called Milankovi? cycles. Milankovi? 
cycles relate to rhythmic changes in the shape of the 
Earth's orbit (eccentricity), as well as to the tilt 
(obliquity) and orientation (precession) of the Earth's 
rotational axis. Like an astronomical clockwork, 
Milankovi? cycles generate changes in the distribution 
of solar insolation over the planet, and thus provoke 
cadenced climate change," explains David De 
Vleeschouwer. "We looked at the carbon and oxygen 
isotope composition of microfossils within the sediment 
and first used the eccentricity, obliquity and precession 
cadences as geological chronometers. Then, we applied 
a statistical method to determine whether changes in 
one isotope system lead or lag variability in the other 
isotope."
His colleague Maximilian Vahlenkamp adds: "When a 
common pattern in both isotope systems occurs just a 
little earlier in the carbon system compared to the 
oxygen isotope system, we call this a carbon-isotope 
lead. We then infer that the carbon cycle exerted control 
over the climate system at the time of sediment 
deposition." Paleoclimatologists and paleoceanogra-

phers often use carbon isotopes as an indicator of 
carbon-cycle perturbations, and oxygen isotopes as a 
proxy for changes in global climate state. Changes in 
the isotopic composition of these deep-sea microfossils 
may indicate, for example, an increase in the continental 
carbon storage by land plants and soils, or global 
cooling with a growth of ice caps.
"The systematic and time-continuous analysis of leads 
and lags between carbon cycle and climate constitutes 
the innovative character of this study. Our approach 
allows to sequence Earth's history at high resolution 
over the past 35 million years," says Prof Heiko Pälike. 
"We show that the past 35 million years can be 
subdivided in three intervals, each with its specific 
climate-carbon cycle modus operandi." On average, the 
authors found oxygen isotopes to lead carbon isotope 
variations. This means that, under natural conditions, 
climate variations are largely regulating global carbon 
cycle dynamics. However, the research team focused on 
times when the opposite was the case. Indeed, De 
Vleeschouwer and colleagues found a few examples of 
ancient periods during which the carbon cycle drove 
climate change on approximately 100,000-year 
timescales, just as it is the case now on much shorter 
timescales -- "but then of course without human 
intervention," states Pälike.
During the oldest interval, between 35 and 26 million 
years ago, the carbon cycle took the lead over climate 
change mostly during periods of climate stability. 
"Periods of climate stability in the geologic record often 
have an astronomical cause. When the Earth's orbit 
around the sun is close to a perfect circle, seasonal 
insolation extremes are truncated and more equable 
climates are enforced," explains David De 
Vleeschouwer. "Between 35 and 26 million years ago, 
such astronomical configuration would have been 
favorable for a temporal expansion of the Antarctic ice 
sheet. We propose that under such a scenario, the 
intensity of glacial erosion and subsequent rock 
weathering increased. This is important, because the 
weathering of silicate rocks removes CO2 from the 
atmosphere, and thus ultimately controls the 
greenhouse effect."
But around 26 million years ago, the modus operandi 
radically changed. The carbon cycle took control over 
climate at times of climate volatility, not stability. "We 
believe this change traces back to the uplift of the 
Himalayan mountains and a monsoon-dominated 
climate state. When seasonal insolation extremes are 
amplified through an eccentric Earth orbit, monsoons 
can become truly intense. Stronger monsoons permit 
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more chemical weathering, the removal of CO2 from the 
atmosphere and thus a carbon-cycle control over 
climate."
The mechanisms proposed by the authors not only 
explain the observed patterns in carbon and oxygen 
isotopes, they also provide new ideas as to how the 
climate system and the carbon cycle interacted through 
time. "Some hypotheses need further testing with 
numerical climate and carbon cycle models, but the 
process-level understanding presented in this work is 
important because it provides a glimpse at the 
machinery of our planet under boundary conditions that 
are fundamentally different from today's," says De 
Vleeschouwer. Moreover, this work also provides 
scenarios that can be used to evaluate the ability of 
climate-carbon cycle models when they are pushed to 
the extreme scenarios of the geologic past.
Journal Reference:  David De Vleeschouwer, Anna 
Joy Drury, Maximilian Vahlenkamp, Fiona Rochholz, 
Diederik Liebrand, Heiko Pälike. High-latitude biomes 
and rock weathering mediate climate–carbon cycle 
feedbacks on eccentricity timescales. Nature 
Communications, 2020; 11 (1) DOI: 10.1038/s41467-
020-18733-w.

Lessons from a cooling climate
Geologists glean insights about how Earth went 

from a hothouse to an ice age, and what that may 
mean for the future

ScienceDaily, September 29, 2020
Source: University of California - Santa Barbara

Usually, talk of carbon sequestration focuses on plants: 
forests storing carbon in the trunks of massive trees, algae 
blooming and sinking to the seabed, or perhaps peatlands 
locking carbon away for tens of thousands of years.

While it's true that plants take up large amounts of carbon 
from the atmosphere, the rocks themselves mediate a great 
deal of the carbon cycle over geological timescales. 
Processes like volcano eruptions, mountain building and 
erosion are responsible for moving carbon through Earth's 
atmosphere, surface and mantle.

In March 2019, a team led by UC Santa Barbara's Francis 
Macdonald published a study proposing that tectonic 
activity in the tropics, and subsequent chemical 
weathering by the abundant rainfall, could account for the 
majority of carbon capture over million-year timeframes.

Now, Macdonald, doctoral student Eliel Anttila and their 
collaborators have applied their new model to the 
emergence of the Southeast Asian archipelago -- 

comprising New Guinea, Indonesia, Malaysia, the 
Philippines and other nearby islands -- over the past 15 
million years. Using data from the paleo-record, they 
determined that the islands are a modern hotspot of carbon 
dioxide consumption. Their results, published in the 
Proceedings of the National Academy of Sciences, deepen 
our understanding of past climatic transitions and shed 
light on our current climate crisis.

The primary means by which carbon is recycled into the 
planet's interior is through the breakdown of silicate rocks, 
especially rocks high in calcium and magnesium. 
Raindrops absorb carbon dioxide from the atmosphere and 
bring it to the surface. As the droplets patter against the 
stone, the dissolved carbon dioxide reacts with the rocks, 
releasing the calcium and magnesium into rivers and the 
ocean. These ions then react with dissolved carbon in the 
ocean and form carbonate compounds like calcite, which 
consolidates on the sea floor, trapping the atmospheric 
carbon for tens of millions of years or longer.

Given the right conditions, and enough time, the deep 
carbon cycle can lock away enough carbon to plunge Earth 
into an ice age. "Last year we found that there was a nice 
correlation between when we make a bunch of mountains 
in the tropical rain belt and when we have cooling events," 
said Macdonald, a professor in the Department of Earth 
Science.

Carbon dioxide levels in the atmosphere spiked in the mid-
Miocene climatic maximum, around 15 million years ago. 
Although there is still some uncertainty, scientists believe 
that atmospheric CO2 levels were between 500 and 750 
parts per million (ppm), compared to pre-industrial levels 
of around 280 ppm. During the mid-Miocene, warmer 
conditions stretched across the globe, the Antarctic ice 
was meager, and the Arctic was completely ice free. 
Today we are around 411 ppm, and climbing, Macdonald 
pointed out.

Around that time, the Eurasian and Australian plates 
began colliding and creating the Southeast Asian 
archipelago and few of the present islands were emergent 
above sea-level. "This is the most recent example of an 
arc-continent collision in the tropics," Macdonald noted, 
"and throughout this period we actually have proxy data 
for the change in CO2 levels and temperatures."

The team was curious how large an effect the emergence 
of the islands may have had on the climate. Based on their 
previous hypothesis, the formation of these largely 
volcanic rock provinces in the tropics should be a major 
factor in determining CO2 levels in the atmosphere.

They applied geological data of ancient shorelines and 
lithology to a joint weathering and climate model, which 
accounted for four major variables: latitude, topography, 
total area and rock type. In the tropics, a more 
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mountainous region will experience more rain, and have a 
greater surface area for weathering to occur. Once the 
surface rocks are weathered, the combination of erosion 
and uplift exposes fresh rock.

"What you need to do is just keep removing that soil, keep 
getting fresh rock there, and keep dissolving it," explained 
Macdonald. "So having active tectonic topography is key. 
All of Southeast Asia has active topography, and this is a 
big reason why it's just so much more effective at breaking 
rocks down into their constituent ions so they can join into 
the geochemical cycles."

The team's analysis bore this out. They found that 
weathering, uplift, and erosion just in the Southeast Asian 
islands could have accounted for most of the drop in CO2 
levels between the mid-Miocene climate maximum and 
the Pleistocene ice ages, when carbon dioxide was around 
200 ppm.

These findings could provide insights on our current 
climate crisis. "The reason scientists are so interested in 
understanding the Miocene is because we think of this as 
perhaps the best natural analogue to what the world may 
look like at a CO2 level over 500 ppm," said Macdonald. 
"It was the most recent time where we had significantly 
less ice on Earth, and we had CO2 levels that are in the 
range of where we're going in our current anthropogenic 
experiment."

"People should be worried not necessarily about the 
amplitude of the increase, but the slope," added Anttila. 
"That's that real problem right now." Humans have moved 
a comparable amount of carbon into the atmosphere in just 
a few generations as it took the Earth to pull out of the 
atmosphere over millions of years.

"You realize that we are more effective than any 
geological processes at geoengineering," Macdonald said.

The team is currently developing a model and looking at 
the rocks themselves to reevaluate previous hypotheses for 
the initial cooling. By a stroke of good fortune, the original 
specimens used to develop these hypotheses are from the 
Monterey Formation, a layer of rock that crops up 
throughout the Santa Barbara basin. These rocks dominate 
cliff faces from Santa Barbara to Goleta Pier and from 
Coal Oil Point to Gaviota.

"We've got this amazing opportunity right here to 
reconstruct this time period, right in our backyard," said 
Macdonald.

"These records of going from a warmer climate in the 
Miocene to the cooler climate of today are recorded right 
here in the cliffs," he added. "So further tests of the 
hypotheses -- especially in quarantine times, when we 
can't travel -- may just involve going out to the beach."

Journal Reference: Thomas A. Laakso, Anna Waldeck, 
Francis A. Macdonald, David Johnston. Volcanic controls 
on seawater sulfate over the past 120 million years. 
Proceedings of the National Academy of Sciences, 2020; 
117 (35): 21118 DOI: 10.1073/pnas.1921308117.

Ancient human footprints in Saudi 
Arabia give glimpse of Arabian 

ecology 120,000 years ago
New archaeological research presents the oldest 
securely dated evidence for humans in Arabia 

ScienceDaily, September 18, 2020
Source: Max Planck Institute for the Science of Human 

History 
Situated between Africa and Eurasia, the Arabian 
Peninsula is an important yet understudied region for 
understanding human evolution across the continents. 
Recent research highlighting the role of the Arabian 
Peninsula in human prehistory shows that humans 
repeatedly dispersed into the peninsula's interior at times 
when its harsh deserts were transformed into lush 
grasslands. However, the nature and timing of these 
dispersals have remained elusive, due to a scarcity of 
datable material and poor-resolution paleoecological data 
associated with evidence for humans.

In a new study published in Science Advances, researchers 
from the Max Planck Institutes for Chemical Ecology 
(MPI-CE) and the Science of Human History (MPI-SHH) 
in Jena, Germany and Royal Holloway University of 
London, UK, together with a team of international 
partners, describe a large assemblage of fossilized 
footprints discovered in an ancient lake deposit in Saudi 
Arabia's Nefud Desert. The footprints, dated to roughly 
120 thousand-years-ago, include those of humans, 
elephants and horses, among other animals. These 
findings represent the earliest dated evidence for human 
movements into this part of the world, contemporary with 
well-known human dispersals from Africa to the Levant. 
In addition, it appears that the movements and landscape 
use patterns of humans and large mammals were tightly 
linked, perhaps in response to dry conditions and 
diminishing water supplies.

A Green Arabia in Human Prehistory

Because the Arabian Peninsula is characterized by large, 
hyper-arid deserts inhospitable to early humans and the 
animals they relied on, Arabia has received considerably 
less attention than Africa or Eurasia, neighboring regions 
that are vital to understanding human prehistory. 
However, research over the last decade has shown that this 
was not always the case, and it is now well-understood that 
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conditions in Arabia have fluctuated significantly over the 
past million years.

"At certain times in the past, the deserts that dominate the 
interior of the peninsula transformed into expansive 
grasslands with permanent freshwater lakes and rivers," 
explains Richard Clark-Wilson of Royal Holloway, one of 
the lead authors of the study. "It was during these periods 
of climatic upturn that human and animal populations 
dispersed into the interior, as shown by the archaeological 
and fossil record."

Footprints as a High-Resolution Proxy

The footprints described in the new study were discovered 
during a recent survey of the Nefud Desert in Saudi 
Arabia. At an ancient lake deposit dubbed 'Alathar' 
(meaning "the trace" in Arabic) by the team, hundreds of 
human and animal footprints were discovered embedded 
in the surface, having been exposed following the erosion 
of overlying sediments.

"We immediately realized the potential of these findings," 
says Mathew Stewart of MPI-CE, one of the study's lead 
authors. "Footprints are a unique form of fossil evidence 
in that they provide snapshots in time, typically 
representing a few hours or days, a resolution we tend not 
get from other records."

Researchers were able to identify a number of animals 
from the footprints, including elephants, horses, and 
camels. The presence of elephants was particularly 
notable, as these large animals appear to have gone locally 
extinct in the Levant by around 400 thousand-years-ago.

"The presence of large animals such as elephants and 
hippos, together with open grasslands and large water 
resources, may have made northern Arabia a particularly 
attractive place to humans moving between Africa and 
Eurasia," says Michael Petraglia of MPI-SHH, who has 
been conducting research in the region for over a decade.

The dense concentration of footprints and evidence from 
the lake sediments suggests that animals may have been 
congregating around the lake in response to dry conditions 
and diminishing water supplies. Humans, too, may have 
been utilizing the lake for water and the surrounding area 
for foraging.

"We know people visited the lake, but the lack of stone 
tools or evidence of the use of animal carcasses suggests 
that their visit to the lake was only brief," says Stewart. 
Human movements and landscape use patterns, therefore, 
may have been closely linked to the large animals they 
shared the area with.

Early Human Dispersals into Arabia

The age of the footprints is of particular interest. They date 
to a period known as the last interglacial, a time of 
relatively humid conditions across the region and an 
important moment in human prehistory. Environmental 
changes during the last interglacial would have allowed 
humans and animals to disperse across otherwise desert 
regions, which normally acted as major barriers to 
dispersal during the less humid periods. Fossil and 
archaeological records indicate that these conditions also 
facilitated human dispersal from Africa into the Levant.

"It is only after the last interglacial with the return of 
cooler conditions that we have definitive evidence for 
Neanderthals moving into the region," says Stewart. "The 
footprints, therefore, most likely represent humans, or 
Homo sapiens."

These findings suggest that human movements beyond 
Africa during the last interglacial extended into northern 
Arabia, highlighting the importance of Arabia for the 
study of human prehistory.

Researchers involved in this study work in close 
partnership with the Saudi Ministry of Culture. Additional 
partners include the Saudi Geological Survey, King Saud 
University, and other key institutions in the United 
Kingdom and Australia. 

Journal Reference: Mathew Stewart, Richard Clark-
Wilson, Paul S. Breeze, Klint Janulis, Ian Candy, Simon 
J. Armitage, David B. Ryves, Julien Louys, Mathieu 
Duval, Gilbert J. Price, Patrick Cuthbertson, Marco A. 
Bernal, Nick A. Drake, Abdullah M. Alsharekh, Badr 
Zahrani, Abdulaziz Al-Omari, Patrick Roberts, Huw S. 
Groucutt, Michael D. Petraglia. Human footprints provide 
snapshot of last interglacial ecology in the Arabian 
interior. Science Advances, 2020; 6 (38): eaba8940 DOI: 
10.1126/sciadv.aba8940.
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(continued from Page 1)
Additionally, this talk will address the long-term 
slip history of the San Andreas fault by comparing 
the provenance of previously hypothesized offset 
features in the La Honda and San Joaquin basins. 
Spatial relationships are best resolved by restoring 
~360 km of displacement on the San Andreas fault 
since early Miocene time. Disparity in this slip 
magnitude with the coeval ~315 km displacement 
of the Pinnacles–Neenach volcanic center is due to 
at least 45 km of net off-fault deformation along the 
margin. This new constraint removes the need for 
controversial Paleogene slip on the San Andreas or 
precursor faults and rectifies previous 
discrepancies between global plate rotations and 
estimates of total displacement across the 
continental transform margin.
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