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Part I: Potrillo Volcanic Field, New Mexico, U.S.A.

ABSTRACT

The Pleistocene Potrillo volcanic field (PVF) resides within the southermn axis of the Rio
Grande Rift, New Mexico, U.S.A., near the eastem extent of the Basin and Range
Province. lts alkalic mafic volcanism has resulted in several hundred cones, flows and
maars distributed over approximately 4,600 km®. Alignments are segregated into two
halves relative to the East Robledo fault system that dissects this field. Three of the five
maars have brought peridotitic and lower to upper crustal xenoliths to the surface;
several older, non maar-related flows from the west half of the field host ultramafic clots.
Stratigraphic relationships, *He surface exposure dating and “°Ar/*°Ar methods confirm
this area has been active since 1 Ma ago to as recently as 20 ka ago. The Kilbourne
Hole maar was dated at 28 ka by the acquisition of exhumation ages of deposits using
age differences between syn-maar and proximal non-maar deposits.

Elemental and isotopic signatures indicate source heterogeneity coupled with
varying degrees of partial melting and polybaric crystal fractionation events. Melts
underwent early clinopyroxene fractionation within the mantle, but then the easternmost
volcanic complexes experienced a second, shallow-level olivine fractionation history.

Fundamental differences existing between the east and west half of the field are further

established by ¥Sr/*®Sr (0.703087 - 0.703917), “*Nd/'*Nd (4.4 — 6.7 &ng), 2°°PbFP*Pb

(18.363 — 19.081), ®"Pb/”*Pb (15.520 — 15.584), 2*®*PbP**Pb (38.192 — 38.699), and
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magmatic *He/*He (5 — 15 R/R.) isotopic data for ten lavas. Two isotopic groups are
observed: Group | is characterized by higher eng and Pb isotopes and lower ¥Sr/®Sr.
Group Il melts display the opposite trends. At least three mantle reservoirs may have
contributed to the melts: (1) PREMA, (2) HIMU, and (3) either EM1 or Lower Crust for
Group lI. The primitive (Mg # < 64) lavas have relatively high Al,O; and Yb associated
with low La/Yb and CaO/Al.O3 similar to the San Quintin volcanic field in Baja California
Norte, México (Luhr et al, 1995). These observations are consistent with progressive
partial melting of spinel Iherzolite at unusually shallow mantle levels.

A complex magmatic history for the Potrillo volcanic field is now elucidated from
combining improved Quaternary dating methods with detailed geochemical studies and
structural information. The magma dynamics model integrates temporal, spatial and
chemical evidence in light of magma emplacement and neotectonic parameters. Five
phases of volcanism are recognized. The punctuated volcanic activity, presence of
both monogenetic and polygenetic centers, and evidence for shifting eruption foci
across 30 km lateral distances during approximately 10° year time frames are explained
in terms of a crack coalescence model by Takada. Changes in magma input rates
and/or differential stress fields are invoked. These findings for the Potrillo volcanic field
are all causes for concermn with respect to prediction of future activity trends within small

mafic fields in intraplate extensional terranes.
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Part I: Potrillo Volcanic Field, Rio Grande Rift, New Mexico, U.S.A.

Chapter 1

INTRODUCTION

Part | of this dissertation study focuses on the Potrillo volcanic field (PVF). This
Quaternary mafic volcanic field is situated in the southern portion of the Rio
Grande rift (RGR) and is thus close to the eastemn extent of the Basin and Range
Province within the United States (Figure 1). Although smali volume, the field
contains over 200 centers. These centers present a diversity of eruption styles:
fissure-fed flows to coalesced platforms, scoria cones with and without breach
flows, a shield volcano, spatter ramparts, and maars with varying combinations of
pre-, syn-, and post-maar deposits. Several maars have brought peridotitic and
lower to upper crustal xenoliths to the surface, and several older, non maar-

related flows host ultramafic clots.

Qualitative assessment of geomorphic surfaces suggests episodic volcanism
with activity perhaps as recent as the late Pleistocene. Previous geochronologic
and isotopic studies of the Potrillo volcanic field have been dominantly
reconnaissance-style. In contrast, a substantially greater major and trace
element data set is available for the eastern half of this field (summarized in
Chapter 2). Recent advances in Quatemary dating methods allow for a more

detailed quantitative understanding of eruption timing than was possible with
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Figure 1. Location of several mafic Quaternary volcanic fields of New
Mexico and Arizona within the Rio Grande Rift and transitional Basin
and Range provinces (modified from Anthony et al., 1992). PVF -
Potrillo volcanic field and CZZ — Carrizozo are included in this study.
Other fields: 1 - Taos, 2 — Jornado del Muerto, 3 -~ Black Mesa, 4 —
Hillsboro, 5 - Elephant Butte, 6 - Deming, 7 — Animas, 8 — Columbus, 9

- Palomas, and 10 ~ Geronimo. Underline indicates both alkaline and
subalkaline group. [talics indicate subalkaline group.
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more traditional radiometric methods, such as K/Ar. This refined dating, in turn,
provides a framework for an enhanced petrological understanding utilizing new

and previously acquired geochemical and isotopic data.

My intent in Part |, therefore, is threefold:
e To better determine the timing and distribution of volcanic events forming
the Potrillo volcanic field.
e To contribute additional insight concerning the geochemical and isotopic
signatures of the melts representing the entire eruption history.
e To propose a comprehensive magmatic evolution model.
*He surface exposure dating was used with *°Ar/**Ar determinations on samples
collected based on previously mapped stratigraphic relationships in order to
explore temporal and spatial relationships. A more robust understanding of
eruption timing has resulted from the blending of these three methods. This
study also addresses the application of cosmogenic helium to the dating of maar
events. This was accomplished through the acquisition of exhumation ages of
maar-related deposits by using differences between those determinations and
ages for proximal non maar-related deposits; further explanation is presented in

Section 4.4.

Major element, trace element and isotopic data have been acquired in order to

achieve the second goal concerning insight to chemical evolution. The new major

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and trace element data are for the western alignment and four maars. This
information is integrated with data obtained by Chen (1991) for lavas from the
central and eastemn parts of the field. The new isotopic data comprise ¥Sr/eSr,
“SNd/4Nd, 2®°Pb/”%Pb, *"Pb/l*Pb, *®*Pbl**Pb, and magmatic *He/*He for ten
lavas from the central and western alignments. Collectively, this breadth of
additional data permits a more thorough characterization of source reservoir
signatures recorded by the melts. Finally, the third objective is to propose a
magma dynamics model specific to the Potrillo volcanic field. This is resolved using
the temporal, spatial and chemical evidence in light of magma emplacement and

neotectonic parameters.
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Chapter 2

GEOLOGIC SETTING AND PREVIOUS STUDIES

2.1 Geologic Setting

The study area lies near the juncture of the Basin and Range province and the Rio
Grande rift and is within the axial portion of the rift proper (Figure 1). The Rio
Grande rift is a tectonically active structure (Seager and Morgon, 1979), as
indicated by high heat flow, youthful volcanism, and deep normal fault-bounded
basins. It has evolved during two stages. The initial phase was from 36 Ma to 15
Ma ago and is responsible for approximately thirty to fifty percent extension.
Associated volcanism included basaltic andesites, andesites and silicic ash flow
tuffs. The second phase initiated 10 Ma ago and continues to the present, thus far
resulting in about ten percent extension (Keller et al., 1990). Mafic volcanism is

associated with the current stage.

The Potrillo volcanic field is an example of volcanism associated with the second
stage of the Rio Grande rift extension. A false-color satellite image of the area is
presented in Figure 2. The generalized geology of this field is provided in Figure 3
and is based on studies by Hoffer (1976), Mack and Seager (1995), Salyards

(1991), and my own observations. There are six units in the area, with the
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Figure 2. False-color satellite image (R:4, G:3, B:2; 23 July 1994) of the Potrillo
volcanic field. Courtesy of the Pan-American Center for Earth and
Environmental Studies (PACES) Program at the University of Texas at El Paso
(http://paces.geo.utep.edu/ ).
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Mafic Volcanic Rocks

2.2z} Middle Pleistocene
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’| Sedimentary Rocks
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Sedimentary Rocks -

PreCambrian Rocks

Figure 3. Simplified geology local to the Potrillo volcanic field. Fault information,
stratigraphic units, and ages from Hoffer (1976), Salyards (1991), and Mack and
Seager (1995).
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three oldest being exposed by normal faulting. From oldest to youngest, the units
are:

e Undifferentiated Precambrian rocks (Mack and Seager, 1995).

e Mesozoic (clastic) and Paleozoic (dominantly carbonate) sedimentary rocks.

e Cenozoic igneous (volcanic and plutonic) and clastic sedimentary units.

e The early Pleistocene Fort Hancock Formation. This unit is estimated to be
2 Ma old (Salyards, 1991) and forms the flat “La Mesa” surface west of the
East Robledo faulit.

e The middle Pleistocene Camp Rice Formation which forms the “La Mesa”
surface east of the East Robledo fault. Gile et al (1981) document tuff
within this formation and correlate it to the Peach Springs eruption occurring
700 ka ago.

e The late Pleistocene alkaline mafic volcanic rocks of the Potrillo volcanic
field.

The fault-bounded grabens have a north-south orientation, which is typical of the
Rio Grande rift and many areas of the Basin and Range province. Mack and
Seager (1995) evaluated several zones within the Rio Grande rift as representing
“transfer zones,” designating the southemmost as the “West Potrillo transfer zone.”
They suggest that the western part of the Potrillo volcanic field lies within a
northwest-plunging syncline and that fractures trending northeast may control vent

alignments within the West Potrillo Mountains area.
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There are a number of normal faults in the study area, with the dominant one being
the Robledo fault system. This system consists of two main features: (1) the West
Robledo fault, which underlies the West Potrilio Mountains, and (2) the East
Robledo fault. The East Robledo fault traverses beneath some of the central
eruption complexes, then separates into two splays at its southem extent. One
splay is the boundary fault for the eastern Potrillo Mountains (a biock of Paleozoic
units) and the other splay dissects Quaternary volcanic deposits associated with
Potrillo Maar. Mack et al. (1991) estimated the slip rate for the Robledo fault as
0.01 mm/yr. Other inferred faults in the area include the Fitzgerald fault, which is
potentially a structural control for the central volcanic alignment, and an unnamed

fault inferred to connect the easternmost volcanic centers (Hoffer, 1976).

For this study, the Potrillo volcanic field is subdivided into three geographic areas
(Figure 4): the eastern, central and western alignments. This subdivision is based
on the essentially north — south distribution of volcanic centers, which is particularly
delineated by units east of the East Robiedo fault. Traversing from north to south,
the eastern alignment includes Santo Tomas (SM), San Miguel (SM), Little Black
Mountain (LBM), and Black Mountain (BM). This eastern alignment is dominantly
scoria cones with and without breach flows with pahoehoe surfaces. Paleodrainage
trends are obvious, with flows terminating in the direction of the modemn Rio Grande

valley.
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Westemn Central Eastern

Alignment
Santo
Gr omas [ST]

San
C> Miguel [sM]
Little
Black
ountain [LBM]
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Potrillo
Mountains

[WPM]

[AF]

Kilboume Black

Mountain
® o
Riley Maar
[RM]

Malpais Maar

(MM] @

Potrillo Maar

Figure 4. Potrillo volcanic field units, divided into “geographic” labels:
western, central and eastern alignments. Dark lines indicate boundaries
and are not faults. Abbreviations used throughout this document are
included in brackets next to the name of each studied volcanic center.
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The central alignment includes Aden (AD), Afton (AF), the Gardner cones, and the
two maars Kilbourne Hole (KH) and Hunt's Hole (HH). The two maars erupted
through portions of the pre-existing Afton series. The Afton flows may be a fissure-
emplaced series upon which the Gardner cones were built. Aden is a shield
volcano with a parasitic spatter rampart and well-preserved lava lake. It is also the
site of numerous tube-fed lavas with explosion features (Hoffer, 1976). The
western alignment comprises the West Potrillo Mountains, a cavalcade of several
hundred coalescing cones and flows built upon an older, thick platform resulting
from possibly fissure-fed stacked flows. Also within the western sector are several
maars: Riley (RM), Malpais (MM) and Potrillo (PM). Potrillo maar is included with

the western alignment due to its position west of the East Robledo fault (Figure 3).

2.2 °He Surface Exposure Dating

Most radiometric dating techniques are inappropriate for application to recent
volcanic events since they use isotopes with long half-lives. K/Ar dating, for
example, has yielded ages too old to fit the geomorphology in several late
Quaternary mafic volcanic fields; fortunately, this problem becomes less significant
for volcanic suites older than 1 Ma (Harland et a/, 1990). The “Ar°Ar method is
potentially more accurate than conventional K/Ar dates for young mafic systems.
'C is a radioisotope with a short half-life and is useful in dating material deposited
up to 45,000 years ago; for example, the dating of plants carbonized by the heat

from an overriding lava flow can yield an eruption age. Chronometers such as
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surface exposure dating (which uses the build-up of cosmogenic nuclides),
thermoluminescence and U-series disequilibria are alternative dating methods that

attempt to close the gap between 1 Ma and 45 ka (Anthony, 1993).

Surface exposure dating is made possible by recent improvements in mass
spectrometry (including the development of accelerator mass spectrometry). The
more refined equipment provides a way to measure the radionuclides produced by
cosmic ray reactions within rocks exposed at the earth’s surface (Lal, 1987, 1988).
Surface exposure techniques rely on the fact that the concentration of cosmogenic
isotopes is a function of the amount of time that the material has been exposed to
cosmic rays. Cosmic ray bombardment of rock surfaces results in nuclear
reactions forming cosmogenic nuclides that are evenly distributed in a crystal. A
spallation reaction yields cosmogenic *He (Figure 5a, inset), which builds up in
concentration with continued cosmic ray bombardment. Therefore the abundance
of such isotopes is proportional to the age of the surface, as has been

demonstrated by Kurz (1986b), Cerling (1990) and Lal (1991).

In situ lava surfaces must have been continually exposed in order for the exposure
age to be equivalent to eruption age. Shielding by subsequent deposition or
removal of material by erosion, for instance, can result in an underestimation of age
(Figure 5b). To illustrate this point, consider a lava flow that erupted 100 ka ago

and has undergone erosion at a rate of 1.0 cm/ka since cooling. The sampled

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cosmic Ray

‘ Se dary Neutron
N
®

o))

s 3

« He
H ‘ 22
24“"3—'. s Na

FHe] x10 6atoms/gram
H

e mm s e em e Gew M mm e e G G aEs M S . e

2
™ background
0
0 5 10 15
Date (ka)
30
E
©
= 20
£
o
O
©
=4
=
£ 10
o,
0
0 50 100
Date (ka)

Figure 5. Accumulation of cosmogenic ®He with time and erosion effects. (a) A
cosmic secondary neutron bombardment creates the o particle *He. Continuous
bombardment yields a linear accumulation of this isotope with time. (b) Removal
of surface by erosion, resulting in an underestimation of eruption age.
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surface has 10 x 10° atoms of cosmogenic *He per each gram of rock less than
predicted for a flow surface having undergone no erosion. Hence, the eruption

“age” determined for this sample would be approximately 40 ka too young.

A number of studies document the use of surface exposure dating. These include
Leavy (1987), who measured **C! build-up in young basalt flows in southemn New
Mexico and determined ages which are in general agreement with geomorphic and
soil evidence. Phillips, Dunbar and Zreda (1997) applied **Cl methods to basaltic
lavas; their results for the Carrizozo flows of New Mexico are in close agreement
with *He dates reported in Chapter 4 (Table 1) and in Anthony et al (1998).
Staudacher and Aliégre (1993) have used a combination of *He and ?'Ne to
evaluate basalts at Réunion, located in the Indian Ocean. Bierman (1994)
suggests that cosmogenic surface exposure dating will be of significant value to
geomorphologists and tectonicists, particularly in determining erosion rates.
Quatemary meteor impact features (Nishiizumi, 1991; Phillips et al, 1991) have
also been dated using cosmogenic *°Cl, *C, °Be, and #*Al. Examples of other
applications may be found in Craig and Poreda (1986), Kurz (1986b), Nishiizumi et
al. (1986 and 1990), Marti and Craig (1987), Sarda et al. (1993), Staudacher and
Allegre (1993), Zreda et al. (1993), Laughlin et al (1994), and Williams et al. (1995

and in revision).
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Anthony and Poths (1992) began applying ®He surface exposure dating to lavas
from the eastemn and central parts of the Potrillo volcanic field. The area was
selected due to the existence of clearly mapped stratigraphic relationships (Hoffer,
1976), the availability of well-preserved young lava flows, low erosion rates, and
lack of coverage of surfaces by later depositional processes. Duplicate samples
from a single flow surface (e.g. Afton flows) and for several sampies from a single
volcanic center (e.g. Aden complex) showed good reproducibility. Their surface
exposure dates agreed with known stratigraphy, estimates of pedogenic carbonate
build-up (Giles, 1987) and some K/Ar dates. The work by Anthony and Poths
(1992) indicated the applicability of the *He surface exposure dating technique to

these mafic extrusive products.

2.3 Geochemistry and Isotopic Signatures

Overview articles on the timing, tectonics and magmatism of the Rio Grande rift
may be found in Heatherington (1988) and Gibson et al. (1992). Geochemical
investigations more specific to the northemn Rio Grande rift include Dungan et al.
(1986), Perry et al. (1990), Duncker et al. (1991), Johnson and Thompson (1991),

Menzies et al. (1991), and Wolff (1997).
Anthony et al (1992) show that mafic volcanism during the past 5 Ma in the

southern Rio Grande rift has been represented by two compositional groups.

Individual volcanic fields in the rift (Figure 1) generally belong to one group or the
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other and no pattemn in geochemistry, position or age can be discerned. The first
group consists of a subalkaline basalt suite; examples are the Animas, Deming,
Jomado del Muerto, and Taos fields. The second assemblage consists of an
alkaline suite of basanite, alkali basalt and trachybasalt. Examples of alkaline fields
are the Potrillo, Columbus, Hillsboro, Black Mesa, Elephant Butte, Taos, and

Palomas.

Isotopic studies in the southem rift have been reconnaissance in style. The studies
have been divided into provinces, concentrating on the Basin and Range, Colorado
Plateau, Sierra Nevada, and the Rio Grande rift (see Menzies ef al,, 1983; Perry et
al., 1987 and 1988; Roden, 1988), or combined to reflect the southwestern United
States (e.g. Reid and Graham, 1996). Interpretations for the rift include the
existence of mantle heterogeneity (Menzies et al, 1983). Perry et al. (1987)
propose that areas undergoing less lithospheric extension yield alkali basalts from
enriched lithospheric mantle and that depleted mantle sources are characteristic of

greater extension.

With respect to the Potrillo volcanic field specifically, major and trace element
geochemical studies of the eastern and central parts of the Potrillo volcanic field
have been reported by Hoffer (1976), Chen (1992), and Anthony et al (1992).
Long's thesis (1994) documented the geochemistry of spinel-bearing mantie

xenoliths from Kilboume Hole. Previous studies for the area also include DeHon
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(1965a,b,c), Reeves and DeHon (1965), Renault (1970), Hoffer (1971), Page (1973
and 1975), Bersch (1977), Ortiz (1981), and Sheffield (1981). Very little isotope

information has been published for the Potrillo field. Whole rock &xa and *Sr/®Sr

values reported include: +6.9 and 0.703 (Crowiey and others,1986), +6.5 to +13.3

and 0.703 (Jagoutz and others, 1980), and +6 and 0.703 (Roden, 1988).
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Chapter 3
ANALYTICAL METHODS

3.1 Geochronology

3.1.1. *He Surface Exposure Dating

Well-preserved surface samples from breach-flow, lava lake and fissure-fed flows
were collected from eight volcanic centers. Surface samples were selected such
that the following criteria were met.
e The rock surface was in situ.
e Subsequent deposits did not previously, or do not currently, cover the site.
e Taller, near-vicinity features that can cause horizon effects did not shield
the locality.
e The surface was deemed the original top displaying little to no erosion or
weathering features.
The last parameter was very carefully considered by reconnaissance of the
flow(s) before site selection. In some instances, several surfaces from a single
flow were collected. In addition to these surface samples, four samples for
dating maar eruptions were collected. These were from Hunt's Hole, Kilbourne
Hole, Potrillo Maar, and Malpais Maar. Details for each of the four centers will

be provided in Section 4.4.

18
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For all sample surfaces, “tops” comprised the upper 3to 5 cm. This was ensured
by carefully marking the orientation of samples in the field prior to their removal.
Once back at the laboratory, a rock saw was used to remove material
representing lava deeper than 5 cm from the surface. This step was taken to
remove progressively shielded material, which would retain an incomplete
cosmogenic record due to attenuation of cosmic rays. Then each 3 to 5 cm thick
sample was crushed using a chipmunk followed by further reduction using clean
ceramic plates set at a 2 mm gap. The resulting glassy matrix and phenocryst

mixture was then separated according to size by using dry sieving techniques.

Olivine and pyroxene grains (250u - 420y fraction) were later separated from
matrix material using density columns with dimethylene iodine. Occasional

(~ 1% by volume) magnetite grains were found in the mix and were removed
using a hand magnet. Olivine and pyroxene crystals were then thoroughly
cleaned with multiple acetone rinses and allowed to air-dry before analyses. For
additional analytical procedures, see Anthony and Poths (1992) and Laughlin

and others (1994).

Analyses were performed with Dr. Jane Poths at Los Alamos National
Laboratory. The concentration and isotopic compositions of helium were
determined for the trapped component (ie. magmatic) by crushing approximately

0.3 grams of mineral separates on-line to a Nier mass spectrometer. The
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resulting powder was melted under vacuum, releasing a mixture of cosmogenic
and residual trapped components. Cosmogenic *He was determined by
subtracting the trapped values from the total *He released during the melt
procedure. This trapped helium was assumed to be equal to the amount of ‘He

released in the melt step multiplied by the *He/*He released in the crush step.

All data are corrected for mass discrimination and blank. Errors are reported as
one sigma standard deviation analytical uncertainties. The concentration of
cosmogenic *He and the dates include propagated uncertainties for analysis,
blank, and correction for the trapped *He in the melt step. The trapped *He/'He
values vary for different flows and therefore have not been averaged for the
trapped correction. Data reduction included production rates based on work by
Cerling and Craig (1994) of 440 atoms/grams/year at 1445 m and 39°N latitude,
adjusted for actual sample latitude and altitude (Lal,1991). Based upon
conclusions drawn by Laughlin and others (1994), production of 3He in olivine
and clinopyroxene was considered identical within analytical error. Further, the
production rate has been decreased by 18% to incorporate the recalibration of

the '*C time scale by Bard et al. (1990).
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3.2 Geochemical Analyses

Geochemical samples were selected to be representative of the holocrystalline,
interior portion of lava flows or xenocryst-poor bomb coatings adhering to
xenoliths collected at maar centers. It is important to note that material used for
geochemical analyses are not splits from surface geochronology samples;
selection criteria of samples for the two studies are vastly different. Flow
samples were ~ 1000 times greater in volume than the largest phenocryst. Bomb
coatings were consistently removed from similar xenoliths at a given center.
Specifically, | used coatings only from lherzolites at Kilbourne Hole and from

mudstone clasts at Hunt's Hole.

Samples were mechanically fragmented to roughly 1 cm® pieces using a VD
Bico-Braun crusher. A Bico-Braun UD pulverizer with ceramic plates was then
used to grind fragments to a fine-grained sand size. A quartered split of the
pulverized material was powdered for twelve minutes using a Spex 8000
mixer/mill with a ceramic ball mill assembly, resulting in approximately 50 gm of
material. At all stages of grain size reduction, the equipment was cleaned and

pre-contaminated with each sample.

The geochemical investigation involved whole rock major and trace element

analyses primarily done as two experiments: WPVFA and WPVFB. Also
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included in this study are additional samples run as experiments MAOVL, CHEN
and CLKHA. Data are tabulated and presented in two forms: appendix tables
and tables within the mainbody of the text. A comparison of techniques (e.g. INA
versus ICP-ES) or duplicate analvses are in the appendix tables. Further, these
appendices indicate all analyses by experiment code, averages and reported
values for each technique. Final reported concentrations are then provided as

tables in the main body of the text (see Chapter 4).

3.2.1 Major Elements Using ICP-ES

Melanie Barnes analyzed samples for major elements and selected trace
elements using the inductively coupled plasma facilities at Texas Tech
University. Procedures are detailed in Omenda (1997). Note that rubidium was

determined using atomic adsorption spectroscopy at Texas Tech University.

3.2.2 Trace Elements Using INAA

Trace element concentrations were primarily determined using instrumental
neutron activation analysis at the University of Texas at El Paso. Several
samples were run by Weiping Chen using x-ray fluorescence technique through
the New Mexico Bureau of Mines and Geology (denoted in appendix Table D).
INAA data reduction was performed by a program developed by W. V. Boynton,

University of Arizona, licensed to E. Y. Anthony.
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INA experiments each consisted of twelve unknowns and four standards.
Sample and standard powders were weighed to five significant figures on a
Mettler AE163 dual range balance. Weights ranged from 0.6 to 0.8 grams.
Powders were then encapsulated in airtight vials and irradiated at the Nuclear

Sciences Center, Texas A & M University — College Station.

Once irradiated, samples were evaluated for degree of radioactivity using
UTEP’'s GelLi gamma ray detector for approximately three minutes. Samples
were then arranged in order of increasing radioactivity such that those with lesser
counts would be analyzed sooner to minimize dead time counts. Each sample
was counted in series of six, eight, and twenty-four hours, allowing for both short-
and long-lived radionuclide counting. Consistency of the INAA results were
monitored by comparison of observed and reported values for standards,

unknown duplicates across both experiments, and checked by Omenda (1997).

3.2.3 Sr, Nd and Pb Isotopes

Strontium, neodymium and lead analyses were conducted on a subset of
geochemical samples. Splits for the isotopic analyses were taken from the
powders used for the major and trace element analyses. Ten samples were
selected to represent centers from the central and western alignments that

spanned the oldest to youngest eruption dates documented by this dissertation
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study. Values for ¥Sr/®*Sr, €ng, 2°°Pb/”%*Pb, *’Pb/”**Pb, and **®*Pb/”**Pb were

determined for each lava. Analyses were conducted using Finnigan MAT 261
mass spectrometer facilities with Dr. Todd B. Housh at the University of Texas at

Austin.

Sr was loaded with H3PO,4 onto a Ta filament and the isotopic composition was
measure in static multicollection mode. Sr isotopic compositions were corrected
for mass fractionation using an exponential fractionation law and normalizing to
8Sr/%8Sr = 0.1194. Multiple analyses (n = 7) of NIST SRM987 concurrent with
the analyses of these samples resulted in a mean value of ¥Sr/*®Sr = 0.710240
+ 25 (206). On the basis of the long-term reproducibility of the standard and
samples, uncertainties for the Sr isotopic analyses are estimated to be

approximately 0.000026 (2c).

Nd was loaded with H3PO4 onto a Re side filament of a double-filament
assembly, and the isotopic composition was measured in dynamic multicollection
mode. Nd isotopic compositions were corrected for mass fractionation using an
exponential fractionation law and normalizing to "**Nd/"**Nd = 0.7219. The mean

value for a La Jolla standard (n = 3) is “*Nd/"**Nd = 0.511866 + 10 (20) and for
CIT nNdB (n = 4) is "*Nd/"*Nd =0.511915 + 8 (25). These correspond to &xg =

-15.06 and -14.10, respectively. On the basis of the long-term reproducibilities of
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the La Jolla and CIT nNdB standards, the estimated uncertainty for a given
analysis is approximately 0.000013 (2c), corresponding to approximately 0.25 €

units.

Pb was loaded with silica gel and HsPOs; on a Re filament and the isotopic
composition was measured in static multicollection mode. The measured Pb
isotopic compositions have been corrected for a = 0.11 %/amu based upon
multiple analyses of NIST SRM981. Uncertainties for the Pb isotopic

compositions are estimated to be 0.05 %/amu (2c).
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Chapter 4

ANALYTICAL RESULTS: GEOCHRONOLOGY

4.1 *He Surface Exposure Dating

A comprehensive summary of helium surface exposure dating conducted in the
Potrillo volcanic field is provided in Table 1 and depicted in Figure 6. This
compilation includes new data generated by this study as well as that previously
determined by Anthony and Poths (1992). Their results have been revised to
reflect recalibration of the C time scale (Bard et al, 1990) and are reported
here. Sample descriptions are provided in appendix Table A. There are two
types of duplicates documented. One type involved collection of more than one
sample from a given flow, usually separated by approximately 100 meters. This
was done in order to test the extent of surface preservation of a single flow surface
through duplicate sampling. The other type of duplication involved running
separate analyses for mineral splits from a single surface sample, thus allowing for
the evaluation of laboratory uncertainties (i.e. reproducibility and precision). For all
helium dates, errors are reported as 1 ¢. For the remainder of this section, results
will be discussed for each volcanic complex in the following order of alignments:

eastern, central, then western.

26
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Table 1. *Helium Surface Exposure Dating Summary

Potrillo Volcanic Fleld Crush Melt Production Rate Age
Eruptive Center [‘He] Hel'He [*He] [*He) [’He,] surface *He/*'Ne (atoms/g) (ka)
(10 P ce/ RR, (10°%cclg) (10 cclg) 10 atoms/g)
Little Black Mountain
29#1 {LBM2} 249 10.2 +/- 3.5 30+4-02 143+-009 386+/-25 - 282 137 +/- 9
294#2 {LBM2} 1.18 10 +/- 6 44+/-03 124+/-008 33.1+/-26 272+/-0.45 282 117 +/-9
Black Mountain
21T(92) {BM5} 5.5 16 +/- 13 18+-18 1.05+-005 283+-14 28+/-06 289 98 +/-5
218(92) {BMS) 103 14 4/-8 544/~10 1194/-006 299+/-26 32+/-05 289 104 +/- 9
27#1(92) (BM1)} 20.2 13 +/-4 36+-06 102+-006 265+/-19 28+/-0.5 300 88 +/- 6
2742 {BM1) - - 147+/-08 101+-008 237+/-23 28+/-1.1 300 79 +-7
Aden Flows
23C#1(92) 16.7 14 +/- 6 23+/-09 0.259+/-0.038 60+/-~12 274/-13 281 214 +4/-43
23C#2(92) 16.8 10 +/- 6 23+/-0.6 0246 +/-0.030 57+/-1.0 -- 281 20.3+/-3.6
24B(92) 57 78 +/-17 46+/-0.7 0272+/-0.027 6.0+/-0.8 - 303 19.9 +/- 2.6
24C(92) 109 84 +/-15 71+-10 0332+/-0032 70+-10 16+/-05 303 22,9 4+/-3.3
25A(92) {AD1) 62 89 +/-1.6 7.7+/-1.0 0342 +/-0042 6.9+/-1.2 - 296 23.3 +/- 4.1
658#1 {AD6) 8.4 79 +/-1.7 58+/-03 0305+-0035 68+-10 25+/-12 283 242 +/-3.5
65B#2 {AD6} 12.0 53 4/-1.0 -~ -- -~ -
Notes: #1,2 Duplicate analyses on same mineral separate.
A B,C Different sample locations on the same flow surface.
(92) Reported in Anthony and Poths (1992); corrected for revision to 14Carbon timescale,
{}) Sample designation used in chemical analyses series
from this study or theses by Chen (1992), Long (1994), and Waggoner (1991),
1 Ejected interior block of Afton flow; see Section 4.4 for discussion.
2 "By Difference Dating" involving a shielded Afton flow; see Section 4.4 .

wh

Shielded Sample (See Section 4.4)
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Table 1. °Helium Surface Exposure Dating Summary

Potrillo Volcanic Field Crush Melt Production Rate Age
Eruptive Center [*He] He/*He [*He) [*He] [*He ] surface °He/*'Ne (atoms/g) (ka)
(10 ®cclg) R/R, (10 °ce/g) (10 P cc/g) ‘10 ° atoms/g)
Afton Flows
22B#1(92) {AF826) 22 14 +/- 4 3.0+-07 099+4/-005 257+/-15 264+/-03 281 91 +/-5
22B#2 (AF826) 21.9 8 +-4 46+-03 1.18+-0.07 309+-20 28+/-04 281 110 +/-7
22D(92) {AF826) 42 15 +/- 6 27+/-09 1114-005 29.0+-15 254/-03 281 103 +/- 5
58A#1 ** 48 109 +/-2.2 102+-08 1.04+/-0.06 254+/-20 18+/-04 275 93 +/-7
58B#1 7.5 724/-16 29 +/-0.2 123+/-009 329+4/-23 32+/-05 275 120 4+/- 8
58B#2 8.9 754/-1.4 - - - - 275
58C#1 95 8.9 +/-1.6 27+4-02 117+-007 313+/-18 247 +/-0.28 275 114 +/- 7
28#2 ** {AF4) 47 7.8 +-2A1 25+-05 083+/-006 224+4/-19 21+/-04 294 76 +/- 6
Syn-Hunt's Hole'
62C#1 73 7.8 +/-0.5 78 +/- 4 106 +/-0.06 39+-20 12+/-08 276 14 +/-7
62C#2 75 8.5 +/-0.5 64 +/- 3 0.94+/-009 48+/-26 - 276 17 +/-9
Syn-Kilbourne Hole?
KHPRS1 2.4 54+/-4 5.0 +/- 0.3 0.95+/-0.06 2414/-1.7 - 281 Afton: 88 +/-6
Spatter Near Hunt's Hole
63A#1 51 7.4 +/-05 - -
Post-Potrillo Maar
52A#1 {PM823}) 12.9 7.24/-1.2 61+-04 091+/-006 233+-1.6 - 283 82 +/-6
52A#2 {PM823} 18.6 9.0 +/-1.2 - - - =
52C#1 {PM823}) 189 84 +-11 73+4/-05 080+/-006 1984+/-17 364+/-10 283 70 +/- 6




‘uoissiwiad noyum payagiyold uoonpoudal Jayung “Jaumo ybukdoo sy jo uolssiwliad yum paonpoiday

Table 1. *Helium Surface Exposure Dating Summary

Potrillo Volcanic Field Crush Melt Production Rate Age
Eruptive Center [*He] *HelHe [*He) *He]  [‘*He ) surface °*He’'Ne (atoms/g) (ka)
(10 ® cc/g) RR, (10 °cc/g) (10 “cc/g) 10 ° atoms/q)
Post-Potrillo Maar
56A#1 2.85 9.0 +/- 2.8 71+/-04 075+/-0.06 183 +/-1.8 - 277 66 +/- 6
56A#2 74 9.0+/-0.9 1.7+-06 072+/-0.05 193+/-16 26+/-0.7 277 70 +/-6
56A#3 4.2 6.8 +/-2.2 - - - -
56B#1 5.0 10.0 +/-2.2 29+/-02 077+/-0.06 200+-16 26+/-05 277 72 +/-6
Post-Malpais Maar
M3#1** (M3} 52 9.8 +/-2.8 268+/-14 090+4/-0.06 149+/-3.0 17+/-11 287 52 +/-10
M5#1 (M5} 18.9 6.6 +/-0.8 154 +/-08 299+/-013 78.6+/-3.3 2,68 +/-0.20 279 282 +/- 12
M5#2 {M5} - - 102+/-0.7 2.79+/-013 742 +/-4.4 224 +/-022 279 266 +/- 15
Carrizozo, New Mexico
CF1#1 12.0 554+/-1.1 3.6+/-02 0.093+-0.022 1.8+/-0.6 - 369 4.8 +/-1.7
CF2#1 1.7 59 +/-1.0 - - - -




*He Dates

(ka and 1G errors)
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Figure 6. Results of *Helium surface exposure dating for the Potrillo
volcanic field. One sigma errors are indicated. “Dates” indicated using a
green, italicized font require special discussion (see text). Yellow dots are
sample collection sites.
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The eastern alignment is comprised of four eruptive centers. Of these, two
complexes were selected for surface exposure dating: Little Black Mountain and

Black Mountain. Splits of mineral separates taken from a singie flow surface
were analyzed for Little Black Mountain. These were run as two separate

analyses. The dates determined are 137 + 9 ka (PVF-294#1) and 117 £ 9 ka

(PVF-29#2).

Two separate flow surfaces (one each from the north and south) were collected
at Black Mountain. For each of those surfaces, there were two separate
analyses. The northern of the two flows yielded duplicate analyses on sample
PVF-21 in the following sense. This sample was selected for a test of
attenuation effects at shallow surface depths. From the same 6 cm thick surface
sample, two “splits” were taken by sawing and separating the upper 3 cm from
the bottom 3 cm. The results are 98 + 5 ka and 104 * 9 ka, thus demonstrating
an insignificant attenuation effect detectable for up to 6 cm depth from the
surface. Determinations of 79 + 7 ka (PVF-27#1) and 88 + 6 ka (PVF-27#2) for
the southern Black Mountain flow represent a split of the mineral separates

obtained from a single 5 cm thick surface sample.

The central part of this field is also a roughly north-south alignment of centers

and is located approximately 10 km to the southwest of the eastern alignment.

The following comments address the northern centers then work southward.
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Surface samples were selected to represent the various eruption styles
preserved at the Aden complex. These include the main spatter rampart, the
well-preserved lava lake within that spatter ring, a hornito atop the lava lake, and
proximal flow material that breached the main spatter ring. The Aden surfaces
were sampled and analyzed in the following ways:
(1) two separate surfaces collected from the spatter rampart gave 19.9 + 2.6
ka (PVF-24B) and 22.9 + 3.3 ka (PVF-24C);
(2) one analysis from a single surface collected from the lava lake yielded
23.3 £ 4.1 ka (PVF-25A);
(3) a surface from the hornito produced a 24.2 + 3.5 ka date (PVF-65B#1);
and
(4) one breach flow yielded 21.4 + 4.3 ka (PVF-23C#1) and 20.3 + 3.6 (PVF-
23C#2), reflecting two separate analyses on mineral splits from a single

surface sample.

The Afton flows are part of the next complex to the south. Three flows have
been mapped by Hoffer (1976), one of which is proximal to the Gardner cones
and more than likely has been shielded for a part of its exposure history.
Therefore, the flow is not included in this study. The other two flows are more
distal and thus were selected for inclusion in this study. Samples collected from
the northern, and stratigraphically younger (Hoffer, 1976), flow were analyzed

both as (1) several samples from a given flow surface and (2) mineral splits from
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a single surface. PVF-22B is the first surface sample and was run as splits #1
and #2. These yielded dates of 91 £ 5 ka and 110 + 7 ka, respectively. PVF-
22D is a second surface sample from the same flow surface and gave a date of
103 + 5 ka. These determinations are within 2 o agreement with work by Gile
(1987). He estimated the age of this Afton flow to be 100 ka based upon

carbonate build-up in materials exposed near the southern rim of Kilbourne Hole.

The Kilboumne Hole eruption pierced the southern Afton flow hence the maar
emplacement post-dates it. A second Afton sample (PVF-28#2) was collected at
the NNE rim of Kilbourne Hole, interior to the present coverage of the tuff ring.
The sample was selected to demonstrate the young date one can determine
when a portion of a sample’s cosmogenic isotope build-up history has been
interrupted. In this particular case, the lack of continuous build-up is related to
burial beneath tuffaceous material emplaced during the phreatomagmatic
eruption. Some indeterminate time later, exhumation by erosional processes
allowed the cosmogenic nuclide accumulation on the flow surface to resume.

The resultant low date of 76 + 6 ka determined will be further addressed in

Section 4.4.
The stratigraphically older of the two Afton flows crops out to form the southern

extent of the Afton complex. Three different samples were collected from this

single flow surface at approximately 100 meters from one another. Sample PVF-
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58B#1 yielded 120 + 8 ka and PVF-58C#1 yielded 114 + 7 ka. These agree
within error. However, the first sample (PVF-58A#1) yielded a date of 93 £ 7 ka,

which is younger than the previously reported two ages. In retrospect, this
sample did not fulfill the collection criteria described in Chapter 3. We have
observed at several Quaternary volcanic fields in the southwestern U.S.A. and
Baja California Norte, México, that pahoehoe flows erode by losing thin layers.
The thickness of any given layer is presumably a function of the cooling rates
involved; it varies in the fields we have worked from 5§ to 15 cm thick layers.
Each level subsequently exposed retains ropey features. These are termed here
as “pseudoropes” in the sense that they do not represent the uppermost (original)

flow surface textures.

The pseudoropes show degradation that is subtle in the first —~ 5 cm removal of
the flow surface. Review of field notes leads me to believe that sample PVF-
58A#1 was not the original top. Rather, pseudoropes may have been collected.
Therefore, the low date from this particular Afton sample is an excellent example
of how important it is to follow sample selection criteria and to collect multiple
samples. The remaining volcanoes in the central alignment are maars. Surface
exposure methods can be applied to maars that have not produced syn-eruption
flow material; see Section 4.4. As discussed in that section, Kilbourne Hole
erupted roughly 30 ka ago based upon the “by difference” method, and Hunt's

Hole formed roughly 16 ka ago based upon dating of an ejecta block.
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The geomorphology of volcanic deposits forming the western alignment suggests
an eruption history that began substantially before any activity in the central or
eastern sectors and extended to quite recently. Although the West Potrillo
Mountains include some complexes youthful enough to retain well-preserved
surfaces, it was decided that the majority of surfaces more than likely had seen
removal of original tops by erosion of the pahoehoe layers. Therefore, helium
surface exposure dating was not extensively applied in the West Potrillo
Mountains and was limited to the southem extent. The lavas comprising the

West Potrillo Mountains were dated using “°Ar/*®Ar methods (see Section 4.2).

The three sites where helium dating was done are associated with the eruptions
forming Malpais and Potrillo maars. Two of the sites are from the Malpais locality
and the third is from Potrillo Maar. In discussing these samples, | define
“cogenetic” as eruption products emanating from the same general edifice,
regardless of time interval between events, and do not call upon matching
geochemical fingerprints. At Malpais, data collected include:

(1) mineral splits from a non-cogenetic lava capping the tuffaceous material

emplaced by this maar, yielding dates of 282 *+ 12 ka (M5#1) and 266 +

15 ka (M5#2); and
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(2) a cogenetic lava breaching a syn-maar scoria cone built within the tuff
ring. This “date” of 52 £ 10 ka (M3#1) is problematic and will be
discussed in Section 4.4.

The third sample is from the Potrillo locality and within the maar depression, thus
considered cogenetic activity. These post-maar breach fiows are roughly 70 ka
old. Further comments regarding the specifics for both maars will be deferred to

Section 4.4 .

Finally, Table 1 reports data for a flow not within the Potrillo volcanic field. It is
the upper flow from the two mapped Carrizozo flows of the Carrizozo volcanic
field (Figure 1) in New Mexico. Data was collected and analyzed while | was
studying the Potrillo volcanic field. The *He date of 4.8 + 1.7 ka places the
Carrizozo flow as the second youngest documented in New Mexico (Williams et
al, 1992; Anthony et al/,1998), with the McCarty’s flow near Grants being the

youngest.

4.2 “Ar/°Ar Dating

A combination of whole rock and anorthoclase xenocryst “Ar/*°Ar dating was
done on numerous lavas throughout the Potrillo volcanic field (Table 2; Figure 7)
in collaboration with Dr. Wiliam C. Mclintosh, New Mexico Institute of
Technology. Most of the data, however, are for the West Potrillo Mountains

where both normal and reversed polarity flows have been documented by
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Table 2. *°Argon/**Argon Dating Summary

Allgnment CArfoAr CAr S Ar *He Chemistry Comments
Complex Date = (ka) Sample # Saniplo # Sample #
West
Potrillo maar 59+ 10 PVF-52 PVF-52 Post.16 w
West Potrilio Mountains 840 £ 15 NM1168 - NM1168 w,n
916 £ 67 NM1167 NM1167 w, r
847 + 2 NM1167 - NM1167 a
870+ 18 NM1169 NM1169 w,r
885+ 16 NM1170 -- NM1170 W,
720 + 180 NM1171 NM1171 w,n
500 * 20 NM879 WPM8, WPM9 w,n
520+ 17 NM879 - NM879 a,n
860+ 15 NM880 NM8so W
680 + 20 NM1103 NM1103 w,n
262 £12 NM8T77 NM877 w
Riley maar 624 + 47 NM1174 NM1174 a, syn-
Malpais maar and Vicinity 610+ 10 MPRS6 MPRS6 W, pre-, nc
310+30 M5 M5 M5 w, post-, nc
360 + 17 M5 M5 M5 w, post-, nc
433+ 17 NM878 M3 M3 w, post-, ¢
510+ 40 M3 M3 M3 w, post-, ¢
Notes: w - whole rock n - normal polarity c - co-genetic

a - anotthoclase

r - reverse polarity

nc - not co-genstic

LE
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Table 2. “°Argon/**Argon Dating Summary

* Alignment Ao Ar CAr o Ar *He Chemistry -  Comments
Complex Date = (ka) Sample # Sample # Sample #
East
Little Black Mountain 167 + 21 NM1162 PVF-29 LBM1 w
188+ 9 NM1163 - w
Black Mountain 125 + 11 NM 875 PVF-21 BM4/5 W
180+ 110 PVF-27 PVF-27 w
193 £ 11 NM876 w
Central
Aden 41+6 NM1166 PVF-25 AD3 w
Afton 70 + 14 NM1164 PVF-22 AF2 w

Notes: w - whole rock n - normal polarity

a - anorthoclase r - reverse polarity

£ - co-genetic
nc - not co-genetic

8¢
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VArP°Ar Dates

(ka and 20 errors) O
——

840 £ 15
167 + 21
@188 +9

O

0916i67 w

847+ 2 a 125 + 11
Og70 +15
0720 + 18 180 + 11
8852 16 5500 20 w 193 + 11
o 520 +47 a
860 +15 @24 + 4
O
475 £23 w w - whole rock
{ 310 +30 521 £17 a a - anorthoclase
t xenocryst
360+17 _o°10£10
o
680 20°

Figure 7. *°Ar/*°Ar dating results for the Potrillo volcanic field (W.C.
Mclntosh, Personal Communication). Two sigma errors reported.
Yellow dots are sample locations. Note that samples are presumed
whole rock unless anorthoclase xenocryst is indicated.
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Mick Whitelaw and John Geissman (Williams et al, 1992). An attempt was made
to sample for both polarity flows, to sample from north to south along the
alignment, and to develop a reconnaissance-style geochemistry set for the West
Potrillo Mountains. The geochemical data are reported in Chapter 5. Two main
results are to be noted for the “ArP°Ar dating. First, the dating documents
eruptions

rom roughly 916 ka to 70 ka for the West Potrillo Mountains. Secondly, dates
derived from whole rock and anorthoclase separates for a given flow agree within

analytical error (e.g. sample NM879).

4.3 Comparison of *He and “Ar/*°Ar Determinations

As previously discussed, the helium dating was primarily directed toward the east
and central alignments where youthful looking surfaces are abundant. In
contrast, argon dating was used on the older deposits dominant in the west part
of the field. Several sites, however, were purposefully dated using both methods
in order to test the accuracy of both methods. Table 2 provides corresponding
helium and chemistry sample numbers, when applicable. The following
comments will address localities where direct comparisons (Table 3; Figure 8)
were possible. Again, the discussion is organized to move from the eastern to

western alignment.

In the eastern alignment, the same flow at Little Black Mountain was sampled for
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Table 3. *He and “’Ar/**Ar Dating Comparisons

Center *He Sample ’He Date ©Ar ®Ar Date BAF°Ar Sample
(1 0 Errors) (2 ¢ Errors)
Little Black Mountain PVF-29#2 117+/- 9 167 +/- 21 NM1162
PVF-29#1 137 +/- 9
Black Mountain PVF-21T 98 +/-5 125 +/- 11 NM875
PVF-21B 104 +/- 9
PVF-27#1 88 +/- 6 180 +/- 110 PVF27
Aden PVF-25A 23 +/-4 41 +/-6 NM1166
Afton PVF-22#1 91 4/-5 70 +/- 14 NM1164
PVF-22#2 110 +/-7
Potrillo Maar PVF-52C#1 70 +/-6 59 +/- 10 PVF52
PVF-52A#1 82 +/- 6
Malpais Maar M3#1 52 +/- 10 433 +/- 17 NM878
M3#1 510 +/- 40 M3
M5#2 266 +/- 15 310 +/- 30 M5
M5#1 282 +/- 12 360 +/- 17 M5

. ]
Note: See Section 4.3.

1
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PVF-29#1 | Little Black Mountain [T
PVF-29#2 10 |
PVF-218 | Black Mountain [ 1]
PVF-21T 1] |
PVF-27#1 1] |
PVF-25A | Aden L1 ]
%'Ei PvF2282 | Afton OO0
B PVF-22#1 T ]
PVF-52A#1 Post-Potrillo Maar L]._J |
PVFs2c#1 | 1R
M3#1 | Post-Malpais Maal______| []
M3#1 (non-cogenetic) D D b
Ms#1 | Post-Malpais Maar (cogenetic) ] ] '
M5#2 [0
700 6(')0 550 460 360 260 160 0

Figure 8. Comparison of the *He and “°Ar/**Ar methods for same sample locations. Bars provided for

Date Determined (ka)

[] *Helium (10)

7] “Argon/*Argon (20)

qualitative comparison. See corresponding Table 3 for quantitative limits.

&
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both helium and argon. The average *He determination is 127 + 9 ka (1c) and

““Arf%Ar is 167 + 21 ka (20). These agree within 2 errors. Similar agreement
was found at Black Mountain, where determinations are 101 £ 7 ka (1c6) using
®He and 125 + 11 ka (20) using “°Ar/**Ar. In contrast, work on a second flow has
resulted in a large discrepancy between the results from the two methods. With
respect to the helium study, this was one of the first flows sampled by Anthony
and Poths. 1t was taken from a non-vesicular outcrop, which stands above the
main breach flow surface as a resistant pressure ridge. Based on what we have
learned about sampling criteria, we now believe that this helium sample was not
from a flow surface. The helium date determined was 85 + 7 ka. This
determination is an under estimation of eruption age. At a later field visit, a
sample was taken specifically for argon analysis. That analysis determined a
crystallization age of 193 £ 10 ka for the feature. An archived chip sample spiit
originally selected for geochemical study was sent for yet another argon analysis.
This was done in an attempt to resolve the difference in dates. The second

argon analysis yielded 180 + 110 ka. Even with its large error, the second date is

more similar to the first argon value than to the helium value.

Moving to the central alignment, helium dating suggests the Aden center erupted
approximately 22 *+ 4 ka before present. Five separate argon samples yielded
41 +6ka, 13+ 11ka, 70+ 8 ka, 120 + 30 ka, and 88 + 10 ka. The argon spectra

yield imprecise steps and are therefore considered very poor (Mcintosh,
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Personal Communication). In this case, the lack of agreement between the two
dating methods results from pushing the argon method to such young lavas in

1994.

Lastly, both Malpais and Potrillo maars were included from the western
alignment. Two flows were studied at Malpais maar. Flow M3 is the first. It is
designated cogenetic to the maar eruption, based on the fact that the activity
occurred within the depression. M3 yields vastly varying ages between the two

dating methods used. The helium date is 52 + 10 ka ago, whereas the “°Ar/*°Ar

dates are 433 £ 17 ka and 510 + 40 ka.

Based on a better understanding of field relations, it is now recognized that the
®He date for M3 was unreliable. This flow breached the cone at its western flank
but then was abruptly diverted southward. This abrupt change in direction may
have been due to the advancing flow deflecting off the interior moat walls of the
tuff ring. | suggest that this impact caused a portion of the syn-maar tuff ring to
collapse onto the flow surface thus causing the post-maar flow surface to be
shielded from cosmogenic nuclide accumulation. The tuffaceous material has

since been eroded, leaving the M3 lava surface currently exposed.

In retrospect, the older appearance of the M3 surface in conjunction with the

advanced rill and apron development on its associated cone does not support the
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young °He date. The older argon dates appear to be more in keeping with the
dates of other eruptive products in this area. This is, again, an example that
stratigraphic relationships must be understood for correct and meaningful
application of the helium surface exposure technique. Although not the original
intent, this helium date does represent exhumation timing and therefore is useful
for elucidating geomorphologic processes.

55

The second flow considered using both dating methods is M5, a post-maar flow
capping the Malpais tuff ring on its western exposure. | have mapped M5 back to
a doubly-breached, highly degraded cone to the northwest of the maar using
pahoehoe flow indicators. Therefore this flow can not be considered cogenetic
using the criteria previously discussed. Helium dates of 266 + 15 ka and 282 +
12 ka were determined from splits of mineral separates and run as two separate
helium analyses. Two separate samples from this flow yield argon dates of 310
+ 30 ka and 360 + 17 ka. There is agreement at the 2c level from dates by the
two methods. Finally, the third locality in the western trend is the post- Potrillo
maar flows, breached from cones within the depression. The two methods do

agree even with 1o reporting for helium: *He yields 76 + 6 ka and “°Ar/**Ar yields

59 £ 10 ka.
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4.4 Dating Maar Eruptions

The potential exists to constrain the eruption ages for maars using a variety of
techniques and materials. Five maar eruptions (two along the central alignment,
ons in the “middle” of the west, and two in the southernmost part of the west)
have been evaluated using a combination of helium and argon dating methods,

as will be outlined in the following text and accompanying figures 9a and 9b.

Traditionally, helium surface exposure dating of mafic eruptions involves
sampling tops of flows. Many maar eruptions, however, are violently
phreatomagmatic and do not have associated flows as syn-maar deposits. Nor
do many such volcanoes have post-maar deposits. Therefore, a different
application of the helium method has been used to assess such maars. Within
the Potrillo field, that includes those in the central alignment: Kilboume and
Hunt’'s Holes. First, consider Kilbourne Hole maar. A surface exposure sample
was collected from the Afton flow, through which Kilbourne Hole erupted. In the
case of both Kilbourne Hole and Hunt's Hole, the eruptions pierced the
southernmost Afton flow. Surface exposure dating suggests that the Afton flow
erupted approximately 117 ka ago (Figure 6), based on surfaces sampled distal
(Figure 9a, label L1) from the maars. If the Afton flow in its southern extent had
been accumulating cosmogenic *He across its entire exposed surface prior to the

maar event (label L2), then the portion covered by maar deposits became
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Maar Depression a

<

L3

Afton basalt flow

La Mesa surface sediments

Maar Depression b
>

La Mesa surface sedimants

Figures 9. Scenarios used to determine age of maar eruptions within the
Potrillo volcanic field; see text for details. Scenario “a” applies to those
maars with pre-maar, but without post-maar, deposits; “by difference”
surface exposure dating is used. Scenario “b” applies to those maars with
pre- and post-maar deposits; helium and argon methods used.
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sufficiently shielded from continued cosmic input. Thick cover provided by the tuff
ring would not allow further cosmogenic build-up in that portion of the Afton flow

surface, thus stopping the accumulation of *He.

Density measurements for the Kilbourne Hole surge deposits were close to
2 g/cc. Using this information and considering cosmic ray attenuation effects
(Lal, 1988; Poths, Personal Communication), it was calculated that a flow surface
beneath roughly 2 meters and back 2 meters from a cliff exposure would be
appropriately shielded within analytical error for the helium surface exposure
dating method. Based upon these considerations, the tuff emplaced when the
maar erupted has been dated using this “by difference” method. The Afton flow
was sampled 2.3 meters below the present day eroded surge surfaces. The
olivine and clinopyroxene mineral separates yield a helium date of roughly 88 +
6 ka (i.e. when the surge stopped the cosmogenic clock). Therefore Afton’'s 117
ka eruption age minus 88 ka supports a maar eruption forming Kilbourne Hole
occurring 29 ka ago. This date is in close agreement with the 24 ka proposed by

Gile (1987) based on pedogenic carbonate (i.e. caliche) build-up.
Another helium sample taken from the NNE rim of Kilbourne Hole is similar to the

shielded sample just discussed. The southern Afton flow is presently exposed

(PVF28#2) at this rim, exhumed from the tuff ring cover by erosional processes.
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A surface from this flow yielded a date of 76 + 6 ka. This agrees within 1o error
with the date obtained from the trenched sample, thus lending further credence

to the methodology.

At Hunt's Hole, a different type of sample was collected. An ejecta block
sampled by Jane Poths was found resting on the present day surface of the tuff
ring (Figure 9a as L3). This material was identified as an interior portion of the
southern Afton flow based on its modality, similar chemistry and non-vesicular
texture. This field-based interpretation was later supported by laboratory
observations during helium dating analysis. The crush step had an unusually
high gas yield, suggestive of more interior magmatic gas retention. Prior to the
maar event, the block was effectively shielded from cosmic input while still an in
situ interior portion of the Afton lava. Since the ejecta block was incorporated into
the tuff ring during the eruption then covered for a period of time, this date is
viewed as representing an exhumation age. A surface exposure date from this
ejecta block suggests that the maar eruption forming Hunt's Hole may have

occurred as recently as approximately 16 ka (Figure 6).

The remainder of this section considers maars from the western alignment.
Dating of Riley Maar was achieved using “°Ar /*°Ar techniques. Mcintosh
analyzed an anorthoclase xenocryst (Figure 9b, Label X) collected from the

surge deposits. Based on our work conceming anorthoclases and hosting lavas
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from other parts of the field, we believe that this xenocryst had been substantially
de-gassed during the maar eruption so that older argon signatures were
obliterated and the clock was reset. This crystal yielded a syn-maar date of 624

+ 47 ka, based on the “°Ar accumulation since resetting.

Malpais maar is located in the southern extent of the West Potrillo Mountains and
has been mapped by Page (1973). It has had episodes of post-maar cone and
flow development within the maar depression proper, unlike the three previously
discussed maars. There has also been both pre- and post-maar activity in the
near vicinity of Malpais. “°Ar/*°Ar dating has primarily been used at this complex
since lavas at Malpais maar are considerably older and not generally appropriate
for surface exposure methods. By dating samples collected from pre- and post-
maar flows, it was possible to better surmise when Malpais maar formed.
Mapping indicates that a flow from a cinder cone northwest of the maar
depression caps the tuff ring deposits. Helium and argon dating of that non-
cogenetic flow (M5) yield its emplacement around 280 ka before present (Figures

6 and Figure 9b, label L4a).

However, to better constrain the age of syn-maar activity, two additional samples
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were evaluated using argon dating. These are:

e MPRSES, yielding 610 + 10 ka. This is from a pre-maar breach flow lying
directly beneath tuff (Figure 9b, label L2), which is presently exposed in an
arroyo bottom.

e M3, yielding 510 + ka. This is from the post-maar breach flow residing
within the tuff ring (Figure Sb, label L4b).

The pre-maar flow MPRS6 and its associated cone are presently exposed from
beneath the tuff deposits. Their geomorphologies are deceivingly young due to
the protective mantling afforded by the surge deposits until fluvial exhumation.
However, argon dating reveals the older age, which is the upper limit. Field
evidence does not help rectify whether or not the events emplacing MPRS6 and
the maar event are synchronous. There is no indication of scoria - lava and tuff
fluidization textures, but it is readily apparent that the surge washed up and over
the cone based upon the tuff bedding orientations exposed in the arroyo cut.
The resuits of this study indicate that the Malpais maar-forming eruption occurred
between 610 ka and 510 ka ago (Figure 7). The temporal aspects of these
events and episodicity ramifications will be explored later in Chapter 6,

particularly with respect to hazards planning studies.

Finally, Potrillo Maar was also investigated. Both helium and argon have been
used to obtain dates for the post-maar flows associated with scoria cones

developed within the Potrillo maar depression. The sampling scenario is
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analogous to L4b in Figure 9b. These dates provide a lower limit to the maar
formation. One breach flow was sampled in two different areas along its surface.
Ages determined are 82 + 6 ka (PVF-52A#1) and 70 + 6 ka (PVF-52C#1). The
second flow was also sampled in two different areas along the same surface.
But in this case, mineral separates for one of the samples were split and run as
separate analyses: PVF-56A#1 and PVF-56A#2 splits yielded 66 + 6 ka and 70
6 ka, respectively. The second surface was sample PVF-56B#1 and yielded a 72

+ 6 ka date, which is consistent within 1o error to the first surface determinations.
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Chapter 5

ANALYTICAL RESULTS: GEOCHEMISTRY

5.1 Major Elements and Normative Mineralogy

A total of sixty geochemical analyses were collected as part of this study and
during Chen’s thesis work (1991). Data are reported in Table 4 and appendix
Tables B and C. In order to assess the complete evolution of this field, the full
dataset has been used for plotting. Lavas include basanites (modal plagioclase
of >anso; Chen, 1991), basalts and trachybasalts according to the total alkalis
versus silica classification shown by Figure 10a (Irving and Baragar, 1971; Le
Bas et al, 1986). The normative nepheline versus normative feldspar
classification diagram indicates lavas are basanites, alkali basalts, trachybasalts,
and lesser nepheline hawaiites (Figure 10b; following the CIPW normative
scheme of Best and Brimhall, 1974). As can be seen from both figures, the
magmas have been consistently alkaline for the life of this field. In fact, Anthony
et al. (1991; 1998) suggest that these are some of the most alkaline Quaternary

volcanic deposits in New Mexico.

| have chosen to group samples on the basis of weight percent SiO. (e.g. Figures
10a and 10c). Samples with less than 45.5 weight percent SiO, are assigned to

the Low Silica Group (LSG), whereas those with greater amounts are considered

33
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Table 4. Potrillo Volcanic Field Major Element Chemistry for the Westem Alignment and Maars

Samgle NM 1103 NM1167 NM1168 NM1168 NM1171  PVF1 PVF7 PVF8 PVF10  PVF11
Sio, 46.05 46.24 46.77 46.11 43.58 46.13 45.68 45.64 44,90 4454
Tio, 244 237 224 2.33 254 2.68 2.66 248 2.61 245
AlL,O, 13.78 14.61 14.90 14.69 13.76 15.63 14.99 14.98 15.18 14.00

Fe,03 (rota) 11.44 11.83 11.55 10.47 11.39 12.35 11.77 10.53 11.98 11.06
MnO 0.19 0.20 0.19 0.17 0.18 0.20 0.20 017 0.19 017
MgO 9.66 8.44 774 10.09 10.16 7.76 8.85 9.91 8.93 11.52
CaO 11.27 10.06 8.57 10.33 11.21 9.90 9.31 10.42 10.16 11.00
Na,O 323 4,03 3.69 3.01 2.3 3.82 3.81 3.27 3.49 248
K,O 0.84 0.96 1.77 1.70 0.77 1.76 1.96 1.58 1.65 1.45
P,0s 0.44 0.51 0.52 0.46 0.46 0.56 0.59 0.57 0.53 0.38
LOI 1.37 1.78 0.93 0.75 3.69 0.74 0.87 0.95 0.47 0.88
Totalga oy 100.71  101.03 98.87 100.11  100.056 101.54 100.69 10049 100.09 99,93
Mg# 66.74 62.46 61.25 68,97 67.58 59.65 63.29 68.97 63.37 71.03
Or 496 5.67 10.45 10.04 455 10.40 11.58 9.33 9.75 8.56
Ab 15.45 18.06 20.44 12.42 13.12 13.49 12.25 11.84 10.23 7.66
An 20.62 18.93 18.86 21,65 24.90 20.30 18.01 21,52 20.88 22,78

Ne 6.43 8.68 5.83 7.06 347 10.19 10.82 8.57 10.45 7.21
Di 18.01 14.48 10.37 15.43 16.68 12.74 13.11 156.26 13.96 17.27
He 826 8.05 6.17 6.11 6.73 7.83 6.66 6.10 7.24 6.33
Fo 11.00 10.02 10.13 12.59 12.63 9.40 11.18 12.33 11.04 14,49
Fa 6.38 7.04 7.63 6.30 6.86 7.30 717 6.23 7.24 6.72
Mt 2,76 2.87 2.79 2.53 276 3.00 2.87 2.56 291 2.68
" 4.63 4.50 425 4.42 4,82 5.08 5.06 4,71 4,95 4.65

Ap 1.04 1.20 1.23 1.08 1.08 1.32 1.39 1.35 1.25 0.90
Total 99.54 99.50 98.15 99,53 9660 101.05 10009 9979 99.90 99,25
Note:  All concentrations expressed in weight percent.
Mg # based on Fe?'= Fe;* 0.85 .
See Appendix Table C for NAA and ICP Comparisons.
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Table 4. Potillo Volcanic Field Major Element Chemistry for the Westem Alignment and Maars
L

Sample PVF15A_ NM877__ NM878__ NM87o__NMsso 'NM1170 MPRS6 MPRS7 MSYN8 KHSYN1
SI0, 46,00 4661 4503 4518 4510 4432  44.78 4450 4498  46.12
TIO, 259 250 266 233 208 254 245 253 261 234
ALO, 1433 1579 1534 1547 1496 1494 1437 1527 1551  14.51
Fe:Osqowy 1139 1146 1104 1188 1115 1189 1151 1122 1148 1221
MO 018 049 018 021 020 019 018 048 019 020
MgO 1018 941 1044 891 868 1000 994 894 947  11.10
Cad0 1000 932 1021 1009 971 1095 1041 1059 1029  9.91
Ne,O 338 382 363 361 320 376 297 347 372 357
K,O 100 209 190 155 088 078 138 181 180 175
PO; 045 058 064 052 043 045 056 058 0656 062
Lol 177 002 020 105 281 139 119 148 031  -0.10
Totalpery 101.28 10177 10127 100.80 99.20 101.21 9974 10057 101.01  102.23
Mg# 6762 6584 6899 6346 6445 6671 6605 6572 6550  67.99
or 590 1235 1122 915 520 460 815 1069 1063 1034
Ab 1713 1192 672 1116 1936 1042 1211 739 796 974
An 2097 1976 1995 2142 2385 2158 2180 2074 2030  18.39
Ne 621 1105 1299 1049 417 1175 705 1189 1273  11.08
DI 1458 12556 1539 1343  11.58 1657 1467 1541 1473  15.04

He 6.20 5.83 6.01 7.10 5.95 7.59 6.54 7.31 6.74 6.58
Fo 13.02 12.34 13.21 11.18 11.40 12.06 12.58 10.59 11.73 14.48
Fa 7.01 7.256 6.52 7.47 744 6.98 7.09 6.36 6.79 8.01
Mt 2.76 2.76 2.66 2.87 2.69 2.87 278 2.7 2.76 2.95
" 4.91 478 5.06 442 3.95 4.82 4.65 4.80 4.95 4.44
Ap 1.06 1.37 1.51 1.23 1.01 1.06 1.32 1.37 1.63 1.46

Total 99.76 101.96  101.23 99.92 96.55 100.00 98.74 99.26 100.85  102.51
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Table 4. Potrillo Volcanic Field Major Element Chemistry for the Westem Afignment and Maars

Samgle KHSYN2 HHSYN1 HHSYN2 WPM6é WPM7 WPM8 WPM10 M4 M2 MWC3
SiO, 44.85 47.64 47.00 44.18 46.33 43.66 45.67 4536 43.66 44.54
TiO, 223 2.16 2.30 237 2.01 227 248 252 233 248
Al 0, 14.56 14.68 15.03 15.56 16.12 15.69 15.64 15.16 14.44 18,7

Fe,0; (roray 11.89 10.86 11.25 11.61 11.22 12.82 11.58 12.40 12.78 11.41
MnO 0.19 0.18 0.19 017 0.18 0.21 0.16 0.17 0.18 017
MgO 10.45 9.49 10.16 10.86 8.56 6.98 10.08 10.74 10.99 9.22
CaO 9.74 9.80 10.28 10.34 9.26 8.93 9.78 10.39 10.68 9.73
Na,O 3.56 3.26 324 297 3.73 4.30 3.30 3.44 2.36 3.86

K,0 1.70 1.80 1.68 1.8 1.3 219 1.76 1.68 1.63 1.96
P,0; 0.57 0.50 0.42 0.61 0.47 0.73 0.56 0.52 0.55 0.56
LOI 0.02 0.31 0.33 0.86 1.8 1.69 0.13 -0.49 0.53 -0.32

Totalfetoy 99.76 10068 10188 10133 10098 9947 101.13 101,89 10013 99,31
Mg# 67.55 67.28 67.43 67.80 64.46 54,58 66.83 66.06 65.72 656.33
Or 10.04 10.63 9.92 10.63 7.68 12.94 10.34 9.92 9.63 11.58
Ab 8.92 16.83 12.88 5.67 18.27 8.08 11.33 4.94 5.94 712
An 18.72 20.10 21.50 23.80 23.40 17.04 22.69 20.96 23.99 19.72
Ne 11.48 5.82 7.87 10.53 7.19 15,33 8.98 13.08 7.59 13.83

Di 14.40 14.10 15.11 13.41 10.35 10.60 12.46 16.90 14.04 13.71
He 6.56 6.35 6.53 5.58 5.49 7.91 5.48 7.60 6.56 6.48
Fo 13.556 11.98 12.82 14.59 11.67 8.73 13.54 13.26 14.61 11.63
Fa 7.80 6.82 7.01 7.68 7.77 8.24 7.53 7.53 8.63 6.96
Mt 2.87 2,62 272 2.81 2.71 3.10 2.79 3.00 3.08 2,75

] 423 410 4.36 4.50 3.81 4.31 4.7 478 442 4.7
Ap 1.35 1.18 0.99 1.44 1.11 1.72 1.32 0.12 1.30 1.32
Total 99.92 10053 10171 100.64  99.35 98.00 101,17 102.08  99.79 99.81

9¢
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Table 4. Patrillo Volcanic Field Major Element Chemistry for the Westem Alignment and Maars

Samgle M1 M3 M5
Sio, 45.85 44.34 449

TiO, 247 2,52 25
ALO, 1620 1531  15.41
Fe,0, (Total) 11.29 10.72 11.31
MnO 0.16 0.17 017
Mgo 939 998 947
Ca0 9.11 10.12 9.97
Na,O 3.63 3.75 4.29
K,0 2.06 1.84 1.21
PO, 058 063 065
LOI 0.07 0.47 0.18
Totalf, roy 100.80 99.85 100.06
Mg# 65.76 68.62 66.16
Or 11.87 10.87 7.15
Ab 12.08 6.45 11.73
An 21.97 19.50 19.21
Ne 10.09 13.69 13.30

Di 10.80 15.33 14.49
He 4.95 6.13 6.57
Fo 12.87 12.43 11.81
Fa 7.46 6.28 6.77
Mt 272 2.59 2.74

I 469 478 474
Ap 1.37 1.49 1.53
Total 10087 9954  100.04

LS
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part of a High Silica Group (HSG). The Low Silica Group (Table 5) includes
deposits from three of the central complexes and many of the western alignment
centers. It includes approximately half of the undifferentiated mapped units of
the West Potrillo Mountains, all stages of deposition at Malpais Maar, and the
pre- and syn-maar activity at Potrillo Maar. Considering all the analyses,
approximately an equal number of lavas are within the High Silica Group. This
includes all centers of the eastern alignment, all or part of three central
complexes, and essentially half of lavas sampled in the West Potrillo Mountains
including the post-eruption cones flows at Potrillo Maar. The nature of these
groupings will be explored further in the discussion, particularly as to whether or

not they are controlled by geochemistry, eruptive style, and/or age.

Whole rock Mg # is used to identify the most primitive (ie. undifferentiated) melts
in this field. Mg # is defined as [Mg/(Mg +(0.85 x Fetotat)) X 100]. The selection
of Mg # equal to 64 as the lower limit for undifferentiated magmas is based upon
defining primitive melts as those in equilibrium with olivine greater than or equal
to Fogs. This follows the approach used by Luhr et al. (1995) in their evaluation
of the San Quintin volcanic field. Most lavas in the Potrillo volcanic field are
primitive according to this criteria (Figure 10c). Those displaying some
differentiation include lavas from the West Potrillo Mountains and some of the
eastern flows located at the Black Mountain and the San Miguel complexes. For

both the lavas at Black Mountain in the eastern alignment and Potrillo Maar of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 5. Volcanic Centers Classified as Low or High Silica Group Members

" ‘Low SllicaGroup (< 45 weight % SiQ,) l " High Silica Group | ( > 45 welght % SIO,)
Center Geochemistry Sample  Eruption Style Center ~ Geochemistry Sample  Eruption Style
Eastern Alignment
Santo Tomas SAT 5, SAT4 breach flows
San Miguel SAM1 fissure flow
Little Black Mountain LBM1, LBM2 breach flows
Black Mountain BMS5, BM5SH, BM3 breach flows
BM2, BM1 breach flows
Central Alignment
Aden AD4, AD3, AD2 proximal flows Aden AD1, AD1H lava lake
AD6, AD5, AD3A distal flows
Afton AF4, AF8/26 fissure flows
AF2, AF1 fissure flows
Kilbourne Hole syn- KHSYN2 coating Kilbourne Hole syn- KHSYN1 coating
XPN1,2,3 & XP1A,1D juvenile lapilli’
Hunt's Hole syn- HHSYN1, HHSYN2 coatings

"Bahar (1991)
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Table 5. Volcanic Centers Classified as Low or High Silica Group Members

~Low SlticaGroup (< 45 weight % SiOy)

"High Silica Group (> 45 Weight % SiOy)

Center Geochemistry Sample _ Eruption Style Center "~ Geochemistiy Sample _ Eruption Style
Western Alignment
West Potrillo Mountains NM878 unknown Waest Potrillo Mountains NM877 unknown
NM879 (fissure or breach) NM1103 (fissure or breach)
NM880 NM1167
NM1170 NM1168
NM1171 NM1169
PVF10 PVF1
PVF11 PVF7
WPMé6 PVF8
WPM8 PVF15A
WPM7
WPM10
Malpais Maar Vicinity M4 breach flows
pre- MPRS6, MPRS7
Malpais Maar syn- MSYN8 coating
cogenetic
Malpais Maar post- M1,M2, MWC3, M3 breach flows
cogenetic
Malpais Maar Vicinity M5 breach flow
post- not cogenetic
Potrillo Maar pre- USF8/24 flow
cogenetic
Potrillo Maar syn- PM13, PM20 coatings
cogenetic breach flow

Potrillo Maar post- POST.16, 8/23 cogenetic

19
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the western alignment, there is an indication of decreasing Mg # corresponding
with increasing SiO. contents. For Potrillo Maar, we do have temporal control. In
this case Mg # decreases going from older (pre- and syn-maar units) to younger

(post-maar units), thus corresponding to increasing differentiation with time.

The relationship between normative nepheline and Mg # for the lavas is also
considered (Figure 10d). Chen (1991) reports optical mineralogical evidence for
Foz7.83 phenocrystic olivine and Fosggo Xxenocrystic olivine compositions. These
determinations are supported by microprobe data collected by Kent Waggoner.
Geophysical evidence indicates the Moho at 30 km beneath this area, which
would be equivalent to 10 kilobars pressure. Therefore, dashed lines delimiting
olivine compositions expected to be in equilibrium at 10 kilobar pressure for
various whole rock Mg # (after Luhr et al,, 1995) are included in the figure. The
majority of samples are not in equilibrium with depleted peridotites, since their
compositions plot to the left of the Fogs field. But it does appear that several
melts from the western alignment centers may have been in equilibrium with
depleted peridotites (Foss.ss). This includes Potrillo maar and an undated flow
from West Potrillo Mountains (PVF-11). Long (1994) studied the chemistry of
mantle xenoliths from Kilbourmne Hole; his data supports the hypothesis of mantle

heterogeneity beneath the Potrillo volcanic field.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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5.2 Trace Element Analyses

Trace element data are used to recognize enrichment patterns, compare the
Potrillo volcanic field to chondritic values, and to evaluate the interrelationship of
moderately and strongly incompatible elemental behavior for the purpose of
constraining source contributions and magmatic processes recorded by the
lavas. The following plots and discussion are based upon trace element

concentrations provided in Table 6 and appendix Table D.

5.2.1 Enrichment Diagrams

A series of enrichment diagrams have been generated using trace element
values normalized to Afton flow sample AF4 and are included as Figures 11a
through 11d. Sample AF4 was selected due to its low La value, which indicates
that it has a primitive composition. Enrichment diagrams are used to assess
which elements behave as compatible versus incompatible in melts. For this
section, the entire field is presented first with color-coding keyed to the three

geographic zones, then by symbols for most individual centers.

The majority of the elements behave incompatibly with respect to the melt. The
most highly incompatible elements include niobium, lanthanum, cerium,
samarium, hafnium, tantalum, and thorium. Both Yb and Lu have similar

incompatibilities to the middle rare earth elements Sm and Eu in these melts. The

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 6. Potrillo Volcanic Field Trace Element Chemistry for the Western Alignment and Maars

Sample NM 1103 NM1167 NM1168 NM1169 NM1171  PVF1 PVF7 PVF8  PVF10 PVF11 PVFi5A
Experiment WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA
Sc 30.4 26.3 254 29.4 30.0 25.3 244 294 27.7 335 28.6
Ti 25 - - - - - - - - - -
\% 244 233 205 230 263 208 212 213 225 242 225
Cr 302 300 258 348 328 162 258 274 166 378 307
Co 494 442 43.9 46.8 48.1 455 43.6 48.1 47.0 52.2 50.6
Ni 191 128 110 216 172 99 153 195 128 235 209
Cu 38.00 33.60 29.50 33.70 38.00 31.70 30.70 36.50 37.00 39.60 30.40
Zn 75.0 79.2 84.2 73.0 70.7 91.1 84.4 67.7 82.8 68.0 733
Rb - - 38 39 - 42 45 38 37 31 28
Sr 667 709 707 587 623 839 837 682 77 593 708
Zr 186 229 242 192 183 226 231 201 209 172 204
Nb 26 82 82 76 66 90 93 83 79 63 77
Ba 496 521 538 471 419 596 592 526 607 531 526
La 26.1 37.4 251 33.7 29.6 42,7 39.6 41.0 39.3 27.0 34.3
Ce 493 62.2 63.4 57.7 62.1 725 67.1 68.1 67.0 483 58.9
Nd 24.9 27.7 295 25.0 253 342 30.8 31.1 333 25.6 27.3
Sm 5.23 6.48 4.54 6.53 6.10 7.56 7.01 7.19 7.28 5.85 6.41
Eu 1.95 2.05 211 1.96 1.98 241 2.20 222 225 1.86 2.05
Y 26 27 26 29 26 29 28 29 30 26 26
Tb 0.75 0.78 0.78 0.82 0.78 0.92 0.83 0.85 0.86 0.76 0.81
Yb 1.946 2.146 1.890 2257 2.017 2419 2.261 2289 2276 1.948 2.039
Lu 0.30 0.35 0.31 0.36 0.33 0.37 0.37 0.36 0.37 0.31 0.32
Hf 4.44 5.73 6.09 4.85 459 6.03 5.94 512 5.22 4.36 515
Ta 3.48 434 4.45 3.69 3.41 472 4,70 414 412 3.23 3.98
Th 3.20 4.86 4.90 413 3.26 516 4.92 494 445 3.15 4.19
Y) -~ - 0.89 - - -- 1.35 - - 0.85 -

Note:  All concentrations in ppm.

NAA, IGP, XRF, and AAS analyses as specified in Appendix Table D.
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Table 6. Potrillo Volcanic Field Trace Element Chemistry for the Western Alignment and Maars

Sample NM877 NM878 NM879 NM880 NM1170 MPRS6 MPRS7 KHSYN1 KHSYN2 HHSYN1 HHSYN2
Experimeni WPVFB _ WPVFB _WPVFB _WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB

Sc 26.2 28.9 275 255 31.3 29.8 27.9 264 26.1 275 203
Ti 25 27 23 21 25 24 24 23 22 2.1 22
v 204 225 203 163 197 223 208 207 198 202 216
Cr 267 272 232 257 320 310 230 388 414 244 253
Co 49.2 50.6 47.8 452 53.4 52.2 48.8 53.3 53.4 495 50.7
Ni 199 227 151 134 184 210 164 287 332 170 176
Cu 34.00 43.00 46.00 60.00 43.00 41.00 35.00 39.00 42.00 38.00 38.00
Zn 81.6 71.4 80.8 79.9 81.2 76.2 77.3 86.0 84.3 73.6 72.8
Rb 44 41 38 27 - 32 39 41 39 41 37
Sr 733 718 696 622 668 682 969 677 646 602 626
zr 221 227 225 240 215 202 226 237 224 197 196
Nb 77 79 76 7 64 68 73 67 66 55 57
Ba 530 492 499 459 452 473 482 499 460 529 506
La 39.3 38.7 39.6 33.0 33.2 325 41.2 36.8 36.5 34.5 30.8

Ce 66.6 67.7 68.1 59.3 59.3 58,0 72.3 64.7 64.6 61.4 554
Nd 31.8 34.2 32.7 293 30.1 30.8 35.2 32.5 329 31.7 31.0

Sm 6.62 7.00 6.89 5.84 6.48 6.37 7.27 6.86 6.87 6.50 6.08
Eu 214 222 219 1.90 212 2.09 232 2.14 2147 2.04 1.92
Y 27 30 30 29 29 29 30 31 31 29 30
Tb 0.85 0.89 0.91 0.78 0.86 0.83 0.97 0.92 0.89 0.87 0.80
Yb 2175 2.215 2.307 2.190 2.158 2.106 2319 2476 2.373 2.333 2209
Lu 0.34 0.34 0.36 0.35 0.34 0.32 0.37 0.39 0.37 0.36 -
Hf 5.34 5.09 525 5.19 4.87 4.54 527 5.37 5.07 A.73 440

Ta 4.15 419 3.97 3.76 3.62 3.39 3.93 3.74 3.63 an 3.09
Th 5.16 4,76 487 4.53 3.92 3.94 5.10 453 4.42 4.32 3.99
U 1.27 1,02 1.31 1.33 -- 1,14 1.22 1.29 1.35 1.00 1,14

<9
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Table 6. Potrillo Volcanic Field Trace Element Chemistry for the Western Alignment and Maars

Sample WPMB _ WPM7 _ WPM8 WPM10 M4 M2 MWC3 M1 M3NAA M5NAA  AF4
Experiment MAOVL MAOVL MAOVL MAOVL _CHEN MAOVL CHEN MAOVL (Averaged)(Averaged) CHEN
Sc 296 267 210 _ 280 301 310 285 275 284 275 295
v - - - - - - - - 228 - -
Cr 278 231 91 255 282 346 229 241 253 253 358
Co 52.1 44.1 389  50.1 568 586 483 501 49.1 499 548
Ni 202 140 75 168 172 220 177 160 197 168 203
Cu - - - - - - - - 40 - -
Zn - - - - - - - - 68 - -
Rb 46 46 72 43 38 38 50 45 41 23 35
Sr 685 643 959 679 631 696 708 745 721 740 -
Zr 213 252 301 204 177 167 218 217 214 210 -
Nb 65 63 89 59 57 52 67 65 62 61 46
Ba 605 470 638 506 474 473 540 569 516 492 -
La 400 393 557 865 832 330 422 424 400 393 801
Ce 689 684 934 636 624 604 754 740 737 710 549
Nd 313 309 409 306 263 266 302 304 336 343 258
Sm 583 591 744 609 559 555 640 617 657 636 555
Eu 218 174 251 1.81 212 210 224 219 211 206  2.01
Y 26 27 31 28 25 25 28 26 30 29 26
Tb 089 08 098 092 090  0.81 1.01 090 0804 0868 095
Yo 2470 2440 2630 2330 2280 2090 2360 2230 225 224 214
Lu 034 037 040 035 035 035 037 035 034 034 036
Hf 516 576  6.61 488 431 419 486 510 470 473 408
Ta - 377 217 329 313 293 391 388 421 402 266

Th 4,78 5.01 6.27 3.96 3.41 3.40 4.97 5.04 410 412 3.36
U 1.59 1.81 1.93 1.14 0.69 0.74 128 1.19 - - 0.92
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Table 6. Potrillo Volcanic Field Trace Element Chemistry for the Western Alignment and Maars

Sample PM824  PM20 PM16
Experiment CHEN CHEN CHEN
Sc 31.5 30.0 249
Ti - - -
vV - e -
Cr 438 528 229
Co 61.9 63.2 447
Ni 306 340 106
Cu -- - -
Zn - - -
Rb 34 34 36
Sr - - -
Zr - - -
Nb 49 49 50
Ba - - -
La 35.8 35.2 374
Ce 65.4 65.1 68.7
Nd 27.3 27.9 27.3
Sm 5.89 5.97 5.68
Eu 2.21 2.23 2.09
Y 27 28 27
Tb 0.90 0.93 0.82
Yb 2.45 257 238
Lu 0.39 0.40 0.40
Hf 4,58 4,80 4,86
Ta 3.05 2.98 3.01
Th 3.73 352 4,05
U 0.84 0.80 0.99

L9
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Potrillo volcanic field melts are similar to San Quintin volcanic field in this regard.
According to Luhr et al. (1995), the San Quintin volcanic field is different from
many other intraplate volcanic suites in having been generated from spinel
lherzolite rather than garnet lherzolite (see Section 6.2). This issue will be

discussed more fully in Section 6.2.

The transition elements scandium, chromium, cobalt, and nickel are depleted (i.e.
sample/AF4 < 1) and thus behave compatibly with respect to the meit. Depletion
of chromium and nickel indicates that olivine (ol) precipitation, which is a low
pressure phenomenon, has been important. This is particularly true for the
central alignment and is supported by the modal mineralogy (Figure 12). The
lesser degree of compatibility for both scandium and cobalt suggests higher
pressure clinopyroxene (cpx) fractionation has also played a role, particularly for
the central complexes. Again, this is reflected in the petrography by Chen
(1991). She determined phenocrystic modes as:

e plagioclase = olivine(>clinopyroxene) for the eastern volcanoes.

¢ olivine >> plagioclase(>clinopyroxene) for the central alignment.

e possibly olivine>> plagioclase (>clinopyroxene) for the West Potrillo
Mountains lavas. This statement is based on using the post-Potrillo
Maar lavas as representative for the other West Potrillo Mountain

lavas.
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For two volcanoes, the enrichment plots indicate that the whole rock analyses
have been affected by xenocrystic olivine. The syn-maar melts associated with
both the Potrillo and Kilbourne Hole maars have significantly elevated chromium
and nickel concentrations (i.e. sample/AF4 > 1), suggestive of mantle xenocrystic

olivine contributions to the analyses.

5.2.2 Rare Earth Element Diagrams

Rare earth elements (REE) have been normalized to chondritic values published
by Anders and Ebihara (1982) and are provided as Figures 13a through 13f.
Plots for individual samples are grouped by eruptive centers. Any given eruptive
center in the eastern and centra! sectors has a limited range in rare earth
element enrichment, closely clustering around 150 times chondrite for La. The
western alignment spans 100 to 200 times chondrite for La. The greater range is
probably due to these samples representing numerous eruptive centers. The
implications for some of the West Potrillo Mountain samples having the highest
concentrations of rare earth elements are discussed in the following sections.
This high degree of enrichment follows with the overall alkaline nature of the

Potrillo volcanic field (Anthony et al., 1992, 1998).

The rare earth element patterns display no europium anomaly for the lavas,

indicating that plagioclase has not played a significant role in their fractionation

history. Only in the eastern complexes is phenocrystic plagioclase present,
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indicating a degree of feldspar fractionation. The lack of Eu anomaly implies
precipitation for only a short time interval prior to eruption. Petrographic
observations (Hoffer, 1976; Chen, 1991) and the enrichment patterns presented

in the previous section corroborate these observations.

5.2.3 Incompatible Elements: H versus H

Treuil et al. (1977) demonstrated that trace elements can be used to discern:
(1) whether or not source heterogeneity is suggested and
(2) whether the magmatic processes have been dominated by partial melting
or crystal fractionation.
The indices are illustrated using simple x-y scatter plots of two strongly
incompatible elements from the same rock. The relationship is as follows for a
single element:
CL.=Co &V
where
CL liquid concentration of an element
Co  original liquid concentration
f residual liquid fraction

D bulk solid / liquid partition coefficient .

For D = 0, the equation reduces to C_. /Co = 1/. The relationship for two

incompatible elements (i.e. D = 0), then, simplifies to:
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C1L1/Co1 = Co/Co2

The two elements can then be plotted against one another as H versus H
diagrams once the above relationship is written as:

Ciz = Cr1 (Coz/ Co).
This equation is a linear regression of the form ( y = mx + b) which is constrained

to pass through the origin such that b equals zero.

Recognizing that the slope of the line is (Coz2/ Co1) from the previous step, one
can then evaluate from actual data whether one, or more than one, regression is
necessitated. A divergence from a single linear array “best fit” could mean that:

e both elements plotted are not equally incompatible (i.e. D = 0).

However, this is not the case since | used the enrichment diagrams to
determine which elements are similarly incompatible.

e both elements are equally incompatible (ie. D = 0). If this is the case,
then two arrays require two different (Coz2/ Coy) which means that the
source is heterogeneous.

In summary, if the criteria D = 0 is satisfied then a single line of best fit suggests
source homogeneity (Figure 14a) and more than one line requires source

heterogeneity (Figure 14b).
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There are two distinct trends for many of the combinations of incompatibie
elements, which is indicative of a heterogenous source. Melts from the central
and eastern alignments define one trend whereas western alignment lavas define
a second. This is illustrated by plots of Ce vs Th, Nb vs Zr, and Ta vs Nb .
There are other combinations of elements, however, which do not require two
linear regressions. For instance, Hf versus Zr imply source homogeneity.
Therefore, the data show that: (1) several trace elemental combinations suggest
source heterogeneity (Figures 16 - 21), and (2) others support homogeneity
(Figures 22 — 25). The implications of this will be further explored by using plots
of highly incompatible elements (H) with moderately incompatible elements (M)
as H/M versus H diagrams (see Section 5.2.4) and the Sr, Nd and Pb isotopic

systems (Section 5.4).

A further use of H versus H diagrams is that one may assess magmatic
processes. The geochemistry is considered in light of temporal indicators. The
trends from older to younger deposits are characteristic of either partial melting
(PM) or fractional crystallization (FC) processes (Trueil et al, 1977). Batch
partial melting is reflected by the data (Figure 15, label “I") if there is younging
with decreasing concentrations of the incompatible elements, illustrated by
Figure 26a. If, in contrast, there is an increasing concentration with time (Figure
26b) then fractional crystallization has occurred, as depicted by Figure 15, label

“ll"
.
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Figure 14. Plots of highly incompatible element concentration versus a different
highly incompatible element concentration. (a) A single array is suggestive of a
single melt source, whereas (b) represents more than one array, implying more than

one melt source possible.

Figure 15. Time trends in an array may yield preliminary information about
magmatic processes (younging in direction of arrow). Trend “I” indicates
batch partial melting. Trend “ll” corresponds to batch fractional
crystallization. (After Trueill et al., 1977).
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Figure 26. Degrees of magmatic processes as interpretted from incompatible
element ratios with time: (a) batch partial melting processes will result in
lowering of the ratio with increasing degree of melt extraction but (b)
demonstrates the theory behind the correspondence of an increasing ratio with
increasing percentage of batch fractional crystallization.
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The lavas from the eastern and central alignments, which we know to be young,
do not show any systematic changes with regard to the lavas from the western
alignment, many of which we know to be old. In addition, systematic changes
are not apparent within each of the three alignments. We can conclude from this
that magmas in the Potrillo volcanic field represent neither continuous melt
extraction from a homogeneous source nor periodic tapping of a continuously

fractionating magma chamber.

5.2.4 Incompatibles: H/M versus H

Treuil et al. (1977) demonstrated that it is possible to develop H/M versus H
diagrams that assist in distinguishing magmatic processes (Figure 27). This is
accomplished by identifying correlations between highly (H) incompatible
elements with moderately (M) or incompatible elements. As labeled in the figure,
partial melting will produce an inclined positive sloping array such that higher
ratios are associated with lower degrees of melting. Fractional crystallization
processes will display a nearly horizontal trend such that greater highly
incompatible concentrations are due to higher degrees of crystallization. Source
heterogeneity will also show up on this diagram, therefore one must use a
combination of H versus H and H/M versus H diagrams to fully understand the

magmatic processes.
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H/M

Figure 27. Magmatic process identification using a highly incompatible
element concentration (H) versus the ratio H/M of the same highly
incompatible element divided by a moderately incompatible element (after
Trueill et al., 1977). Partial melting processes are shown by a positively
sloping array such that lower degrees of partial melting are associated with
higher concentrations of incompatible elements, whereas higher degrees of
partial melting are represented by lower elemental signatures. Fractional
crystallization resuits in a horizontal to sub-horizontal array, with lower
degrees of crystallization are correlated with lower amounts of H.
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For application to the Potrillo volcanic field data, H and M elements were first
selected using the enrichment diagrams included in Section 5.2.1. Those

considered highly incompatible include Ce, La, Nb, Sr, Ta, Th, and Zr. These
have been set as ratios with several moderately incompatible elements (such Sm

and Yb). The following comments will be based upon Figures 28 through 35.

On the basis of H/M versus H plots, the majority of western melts are at high H/M
with a broad range in the degree of partial melting and central melts are low on
the partial melting trajectory and display much less variability. In contrast, the
eastern lavas move off this trajectory toward one for fractional crystallization;
however, these melts are anchored to lower partial melt characterizing the
central compositions. This finding for the eastern lavas is consistent with the
overall lower Mg #s determined for these melts, suggesting differentiation. This
scenario is complicated by the presence of two arrays on the H versus H
diagrams (Section 5.2.3) indicates that there is source heterogeneity involved
such that the central plus eastern alignments define one array and the western
alignment another. Thus, the position along an array or the trajectory must be
some combination involving degree of partial melting and source heterogeneity.

The relative contributions of these will be discussed in Chapter 6.
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Figure 33. Ta Versus Ta/Yb for Potrillo volcanic field. (a)
With arrays superposed and (b) data with closer view
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5.3 Relationship of Major and Trace (Incompatible) Elements

The role of phenocrystic plagioclase and clinopyroxene during the evolution of
magmas can be understood using plots such as Figure 36 where Mg # is
presented considering Sr and Sc behavior. Sr partitions into plagioclase
whereas Sc goes into clinopyroxene during crystallization. Information from such
plots includes recognizing that constant Sr with decreasing Mg # may indicate
buffering of Sr during plagioclase fractionation, and that lower Sc contents with
higher Mg # indicate clinopyroxene fractionation. If no phenocrysts are modally
evident, the signature may indicate that during an earlier evolutionary stage this
fractionation was important. This is the case with the Potrillo melts, where

clinopyroxene is not a significant phenocrystic phase.

The data from the Potrillo volcanic field show two clusters. The first group is
defined primarily by the eastern alignment. Recall that Mg # is indicative of the
degree of magma evolution. Therefore, the eastern alignment shows higher
degrees of crystal fractionation than the majority of both the central and western
melts in that the Mg # decreases systematically as primitive mafic parent
magmas fractionate olivine and clinopyroxene. As has been discussed above,
this is supported by the modal mineralogy (Figure 12). Several West Potrillo
Mountains flows (including 3 of the 4 reverse polarity flows) fall within the eastern

range, particularly with respect to Sc and Mg #s. It may be that these older

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



92

1000

A = a
- 900
[ |
Mode: Ql >> Pl ( > Cpx) - 800
= 3
- . =
- ® "~ Mode: Pi = Ol > Cpx e
- N a ®
. A e % % L 700
v o
A 0=
® T &
.——-g 2o L 600
e % Node: Ol >> Pl (> Cpx)
500
40
b
+ST - ® B
X SM .‘
o LBM @ A ¢ a a
® BM A "A'A L 30
e AF " AR [ o g
A KH © a, 'E*' *x u. - »
A HH A. ® - 25
APM o
mENWPM
ORWPM “ - 20
A MM
, : 15
75 70 65 60 55 50
Mg #

Increasingly Differentiated —— 3
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flows also underwent similar degrees of fractionation. A hypothetical parent

magma is also denoted on Figure 36.

Thorium behaves incompatibly with respect to the melt, therefore it is a good
indicator of the degree of partial melting. Experimental studies of partial melt in
spinel peridotites show that until clinopyroxene is gone, increased melting leads
to liquids with progressively decreased Th and Al,O5; but progressively increased
CaO and CaO/Al:Os; concentrations. Stated differently, melting of a spinel
peridotite in the presence of clinopyroxene causes CaO in the melt to increase
and the Al,O; to decrease. It follows, then, that the CaO/Al,O; ratio would
increase with the decreasing Al:O3. Also, a decrease in pressure results in

progressively higher Al,O3 in melts (Jacques and Green, 1980).

Luhr et al. (1995) compared the San Quintin volcanic field to several extensional
intracontinental suites from Africa (Huri Hills), SE Australia, and Mexico (Ventura
and La Brena) as well as non-extensional volcanism at Honolulu. | have plotted
data for individual complexes with Mg #s greater than 64 from the Potrillo
volcanic field along with data from the San Quintin volcanic field and these suites
(adapted from Luhr et al,, 1995). This compilation is presented as Figure 37.
Luhr et al. (1995) found that lavas with Mg #s greater than 64 from the San
Quintin volcanic field display trends for Th versus CaO, Al;Os; and CaO / AlxOs,

which are different than the other intracontinental suites. For instance, the AloO3
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values for the San Quintin volcanic field are unusually high and CaO/ Al,Os;
unusually low. The Potrillo volcanic field has similar ranges, but higher Th values

than primitive melts from San Quintin.

Luhr et al. (1995) interpret the difference between the San Quintin volcanic field
and other intraplate, extensional volcanic fields to reflect that San Quintin melts
are derived from shallow spinel mantie whereas the others are from deeper
garnet mantle. The similarity of the Potrillo primitive melts to the San Quintin
volcanic field, particularly with regard to high Al.Os, suggests that the Potrillo
volcanic field might also tap shallow asthenospheric mantle. This would be

consistent with the low P-wave velocities beneath the Potrillo volcanic field.

Whole rock Mg # versus Ni and K>O are presented in Figure 38. As can be seen
in Figure 38a, Ni (which is a compatible element) decreases in abundance with
decreasing Mg # (ie. has a positively sloping trend). This correlation reflects the
importance of olivine as an early phenocrystic phase throughout the history of the
Potrillo volcanic field. Unlike Ni, the KO values (Figure 38b) are considerably
variable at essentially the same Mg # for the primitive melts. With the exception
of Malpais, this spread is not seen in the maar samples. They show restricted
K20 at 1.6 to 1.8 and Mg #s of 64 to 72. The variability in K;O probably results
from the source heterogeneity discussed in earlier sections of this chapter. The

overall trend of increasing incompatible concentrations with decreasing Mg # (i.e.
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a negatively sloping trend) is consistent with crystal fractionation of the non-

primitive magmas.

The silica content is plotted versus Rb in Figure 39a. Rb ranges from a little over
20 ppm to approximately 50 ppm. This variability is mostly observed for lavas
belonging to the Low Silica Group. The High Silica Group has a more restricted
Rb content of 35 ppm to 48 ppm. According to Perry et al. (1987), and observed
for lavas from Lathrop Wells (Perry and Crowe, 1992), the Rb content is a
sensitive indicator of crustal contamination. The relationship of silica content to
La/Sm, which represents a ratio of highly incompatible to moderately
incompatible elements, is shown in Figure 39b. There is considerable scatter for
samples from the West Potrillo Mountains whereas La/Sm is tightly constrained
at approximately 5.0 — 5.5 for both the central and eastern alignments. The
potential role of crustal contamination will be further evaluated using isotopic

data, and then will be discussed in Chapter 6.

5.4 Isotopes

Ten samples, with ages representing roughly 1 Ma to 20 ka ago, were selected
from the Potrillo volcanic field. These samples are from the western and central
alignments. Each was analyzed for their Nd, Sr, and Pb isotopic values.

Results are reported in Table 7 and appendix Table E. Seven of the sampled
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Table 7. Sr, Nd and Pb [sotopic Values
Sample  “se*sr Ena 2°Pu/™Pb  *7Pb/’*Pb  **Pb/™Pb

NM1167 0703158 6.7 19.055 15.572 38.572
NM1169  0.703419 5.5 18.858 15.561 38.699
M2 0.703231 6.6 18.931 15.571 38.439
NM879  0.703105 6.6 19.081 15.584 38.615
M5 0.703087 6.5 18.949 15.568 38.478
AF4 0.703574 4.5 18.363 15.520 38.267
PM-20 0.703201 5.3 18.675 15.564 38.326
KHSYN-1  0.703343 6.2 18.936 15.583 38.546
AD3 0.703568 5.3 18.638 15.541 38.438
HHSYN-1  0.703917 4.4 18.558 15.554 38.192
+- 000024 +-0.5 +-0.1% +-0.1% +-0.1%

Note: See Appendix Table E for uncorrected lead data.
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deposits have been dated using *He methods. For these, magmatic *He/*He
information is also reported (Table 1). Data have been plotted relative to global
reservoirs using the compilations of Zindler and Hart (1986) and crustal xenolith
information. Data are then also presented at a more local scale for evaluation of

within field trends.

5.4.1 Giobal Reservoirs

Zindler and Hart (1986) came to the conclusion that any model for mantie
systems presuming only two chemically viable mantle components is inaccurate.
They proposed the use of a planar three-dimensional surface to represent the
mantle, but caution that this too may be an oversimplification. The
interrelationships among the isotopic values led them to recognize the following
mantle components:

(1) DMM A, which stands for depleted mantle and is characterized by

mid-ocean ridge basalts (MORB).

(2) HIMU. This stands for high WL , which indicates signatures enriched in

U and Th relative to Pb but not enriched with respect to its Rb/Sr ratio.
(3) EM1 is “enriched” mantle. It is enriched in the sense that the Nd and
Sr values exceed those of Bulk Earth (BE).
(4) an undegassed mantle with high *He/*He ratios. These magmatic

helium ratios are reported as R/R,, which is the ratio of the sample
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over the atmospheric ratio. Undegassed mantle is characterized by
values in excess of 20 R/Ra.
(5) PREMA, prevalent mantle. This component is defined by having
"“Nd/"*“Nd = 0.5130 and *Sr/**Sr =0.7033.
Typical values for the above components are plotted on Figures 40 through 43,
with the exception of the fourth. The *He/*He ratios for the Potrilio volcanic field
are R/Ra less than 20 (reported in Table 1) and for that reason this undegassed
reservoir is not relevant to this study. Data for mafic granulitic xenoliths from Ken
Cameron (Personal Communication), silicic granulitic xenoliths from Reid (1989),
and common lower crustal values (LC) from Nancy McMillan (Personal
Communication) are also included. Their data define the nature of the lower
crust underlying the Potrillo volcanic field, thus providing an additional potential

reservoir for consideration.

Potrillo volcanic field samples are plotted on several global-scale diagrams
(Figures 40 to 43). In the context of enq versus ¥Sr/®Sr (Figure 40a), the
Potrillo melts ali plot in Quadrant | and within the range for typical oceanic and
continental rift basalts. They plot within the field defined by DMM A, HIMU, and
PREMA. Several samples from the central alignment do have higher *Sr/*¢Sr
than most of these four reservoirs, thus indicating a potential role for either EM1

or Lower Crust. €ng versus 2°Pb/2%Pb (Figure 40b) shows that the melts cluster

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20
16 1 a - 101
(o]
121 [ oum % RhSYN
A -1
8 - PREMA & HHSYN-1
2 . o g | 352
0 ’ u NM1167
e NM1169
4 aAM2
5. LC AMS
ewi L
'12 T T T v v T 3 n T - -
0.701 0.702 0.703 0.704 0.705 0.706 0.707
8srfPesr
16
1o | DMM A b
8 - PREMA®
4 oad o
ENd 0 Mafic Granuiitic Xenoliths
-4 -
-8 - Lgug
Representative Kibourne Hele
12 ‘ I - :
15 16 17 18 19 20 21 22
206Pb/204pb
15.9
15.8
15.7 A .
go_ 156 . M atic Granulitic X enoliths
%5 155 - . :
9 AREMA ;
o i
=~ 154 - 3
= g .!-‘/ﬂ“
15.2 A C |
1 5_1 gl T T T T T 3 T
18 16 17 18 19 20 21 22
208pp2%pp
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representative lower crust (LC; McMillan, Personal Communication).
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near PREMA with higher values for both isotopic ratios than documented for
crustal xenoliths collected from the Potrillo volcanic field. [t is important to note
here that the crustal xenoliths are indistinguishable from EM1 with respect to

these isotopes.

A diagram of 2’Pb/2°*Pb versus Z°Pb/”°*Pb (Figure 40c) shows that the Potrillo
melts plot slightly to the left of the Northern Hemisphere Reference Line (NHRL.),
align with HIMU and PREMA, and are slightly more radiogenic than the mafic
granulitic xenoliths from this volcanic field. The Potrillo samples have % Sr/2Sr
and 2*°Pb/”°*Pb ratios that are very similar to PREMA (Figure 41), in that they are
intermediate to DMM A, HIMU, and EM1. When trends displayed in Figure 40c
are also taken into account, this fact suggests that principle reservoirs may be
EM1/LC, PREMA and HIMU. The necessity for a DMM A component is not

substantiated by these observations.

208pp2%Pb versus 2%°Pb/?**Pb are shown in Figure 42 relative to the Northern
Hemisphere Reference Line (NHRL). Samples from the West Potrillo Mountains
(west alignment) and Kilbourne Hole (central alignment) are more radiogenic
than Afton, Potrillo Maar (west alignment), Aden, and Hunt's Hole. The three
central melts along with Potrillo Maar tend toward both mafic and silicic granulite

crustal xenolith signatures.
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Figure 42. 2°°Pb/A**Pb versus 2°®*Pb/2**Pb results for individual
PVF samples, ranges of PVF crustal xenolith values, and cluster
for the SQVF relative to the Northern Hemisphere Reference Line
(NHRL). Mafic xenolith data from K. Cameron (Personal
Communication), silicic xenolith data from Reid (1989), and
representative lower crust (LC) from N. McMillan (Personal
Communication).
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Magmatic *He/*He ratios, measured during the crush procedure for surface
exposure dating, can be considered in addition to *’Sm-'**Nd, ®’Rb-%"Sr, 28u-

208pp, 235U-297Pp, and Z2Th-*°®Pb ratios. Seven of the ten samples analyzed for
these other isotopes have helium information. These are reported in terms of
R/R,, the ratio of *He/*He for the sample over the atmospheric ratio. Note that
data for the San Quintin volcanic field are also presented on this diagram for

comparison with the Potrillo volcanic field. The San Quintin helium data are

included in Part Il of this dissertation. In Figure 43, *He/*He is plotted versus eng ,

87SrfeSr and 2°°Pb/”*Pb. The helium signatures are most similar to HIMU, with

a potential shift towards DMM A (Figure 43c).

The samples from Potrillo volcanic field are most similar to HIMU, PREMA and
EM1 and/or the Lower Crust collectively when considering all the isotopic data
together. Thus these end members define a planar three-dimensionai surface. It
is not possible to tell which of the two reservoirs — EM1 or LC — has had a role

due to the similarity in their isotopic ratios.

5.4.2 Potrillo Volcanic Field

Samples will now be evaluated for within field relationships. The following
observations are based on the plots presented as Figures 44 through 49. | have

kept the color scheme of the plots to reflect the geographic location within the
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field (namely, green for the central alignment and blue for the western eruptive

products).

Eng, 2'SIPeSr, 27Pb/2%*Pb, and 2°°Pb/”*‘Pb versus 2°°Pb/2°*Pb are shown in

Figures 44a through 44d. Three observations can be made on the basis of these

plots:

(1) ena, 2"Pb/”**Pb, and 2°®Pb/?*Pb have a positive correlation with respect

to >®Pb/2°*Pb but ¥ Sr/**Sr has a negative correlation.

(2) There is a temporal trend with respect to €xg and ¥Sr/?®Sr.  The younger

lavas display less radiogenic €ng but more radiogenic #Sr/*Sr signatures

than do the older lavas. Further, these younger lavas have less
radiogenic lead signatures.

(3) The western alignment, consisting of breach and fissure-fed lavas, and the
melts from maars which transported mantle xenoliths, consistently group
together as Group I. The central alignment lavas and bomb coating from
Hunt's Hole, which did not erupt mantle xenoliths, form the other
association termed Group Il.

Additional plots further illustrate these two groups. For example, Figure 45a

shows the negative correlation between enqand ¥ Sr/*Sr, with Group | at high eng
and low ¥Sr/%Sr. A positive correlation between exqand 2°’Pb/2%Pb is shown by

Figure 45b.
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The correlation of magmatic *He/*He (R/R.) with the radiogenic isotopes is more

complex. ¥’Sr/*®Sr and *°’Pb/2™*Pb (Figure 46) separate into the same Group |

and Group Il associations, as previously discussed. However, R/R, versus €ng,

208ph,2%4pp and 2®Pb/”°*Pb show varying amounts of overlap for the two groups.

With respect to magmatic *He/*He versus &ws, the Nd isotopes form “pairs”

(Figure 46¢). Of the six samples, the following three pairs are evident:
e Pair A, which is defined by the syn- and post- Malpais maar analyses. The
older syn-maar sample is M2 and the younger post-maar sample is M5.
¢ Pair B, which is defined by the older Afton (non maar) and younger syn-
Hunt's Hole.
e Pair C, which is defined by the older post-Potrillo maar (west half) and
younger Aden (east half). This pair comprises the overlap between Group
| and Group Il.
The centers forming Pair A and Pair B are spatially related. In the case of Pair A
from the west half of the field, both samples are from within the Malpais Maar
depression and so are construed as being from the same edifice. In the case of
Pair B from the east half of the field, the Hunt's hole eruption pierced the Afton
flow; both events may have occurred along the same feeder conduit. Centers
involved in Pair C, unlike the other two pairs, are not spatially close to one
another. Potrillo Maar and Aden are separated by approximately 30 km;
however, they are both immediately adjacent to the East Robledo fault. Finally,

Figures 46d and 46e show that both 2°°Pb/2°*Pb and *°®Pb/”*Pb express the
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same volcanic center pairs, but with more spread in the data. Again, both

Groups | and |l are evident, but with more overlap than observed for the &g

relationship with the magmatic helium ratio.

Reid and Graham (1996) discuss that the He — Nd isotopes for mafic lavas from
the southwestern United States suggest that discrete mantle domains have
experienced correlated He/Nd fractionation. They show that crustal thinning
results in abrupt Nd isotope shifts, and they conclude that the discrete domains
are successively involved in extensional volcanism. Results from this
dissertation study are consistent with their hypothesis. The Potrillo volcanic field
pairs plot within the southwest U.S. continental mantle xenoliths field depicted in
their paper. Further, they comment that improved understanding of multiple
mantle sources may be possible using He — Th — Nd isotopes, but that additional
studies at the scale of volcanic fields and individual vents are needed.

Therefore, this dissertation provides an addition toward that understanding.

5.5 Correlation of Isotopes and Elemental Data

Mg # versus ¥Sr/**Sr and ?*Pb/?**Pb is shown by Figure 47. Groups | and Il are
distinct from one another, especially for ¥Sr/*®Sr with overlapping points being

the syn-maar coatings from Kilbourne Hole and one sample from the West
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Potrillo Mountains (NM1169). Group | shows a weak negative correlation for Mg
# versus 2°Pb/*Pb whereas Group |i displays no correlation for either plot.
La/Sm versus Nd, Sr and Pb isotopic data are considered. This ratio was
selected because it showed good mantle heterogeneity in the H/M versus H

diagrams (Figure 28) presented in Section 5.2.4. In Figure 48, groups break out

with high La/Sm correlated to high €xa and 2°Pb/A**Pb and low ¥Sr/*°Sr. Note

that the two groups again overlap with Kilbourne Hole and West Potrillo

Mountains sample NM 1169.

Work at San Luis Potosi (Pier et al.,, 1989), a maar-hosting alkaline mafic field in
the Basin and Range province of Mexico, also shows correlations among
incompatible element abundances, lead and strontium isotopes, and ratios of
highly incompatible to less incompatible elements. Pier et al. (1992) comment
that although elemental correlations can be modified by fractional crystallization,
isotopic and incompatible element ratios should not be affected. Therefore, the
correlations depicted in Figure 48 imply that the processes and source regions
controlling the generation and ascent of Group Il (generally older melts) are

definitely different from those for Group | (younger meits).
The correlation of magmatic helium with La/Sm is shown in Figure 49. Each plot

has the same axes and scales, but depicts three different layers of information.

Figure 49a shows Groups | and ll, as defined previously. Boxes highlight data in
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Figure 49b to show which analyses combined as the three exq - *He/*He pairs

designated A, B and C. Use of these boxes is to point out that the same centers
also pair with respect to La/Sm, especially for the spatially related pairs A and B.
Also noted on this plot are the corresponding eruption Phases | (oldest) through
V (youngest) discussed in the next chapter (Section 6.1). The final plot (Figure
49c) illustrates that, interestingly, helium and incompatible element ratios

decrease with younging of deposits within Group | or Group |l.
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Chapter 6
DISCUSSIONS AND CONCLUSIONS

The following discussion is presented in three sections. First, Section 6.1
considers the physical evolution of the Potrillo volcanic field with time. In this
section, there will be correspondence with the geographical nomenclature used
in previous chapters. This entails beginning with the oldest eruptions forming the
western alignment then assessing the central and eastemn alignments together,
due to their contemporaneous eruption activity. Section 6.2 examines the field
with respect to geochemical and isotopic signatures. Section 6.3 will then
synthesize temporal and chemical evolution into an integrated magmatic model

for the Potrillo volcanic field.

6.1 Physical, Spatial and Temporal Evolution

The Potrillo volcanic field has evolved at least during the past one million years to
as recently as twenty thousand years ago. Regional extension has caused
variably trending normal faulting throughout the area. Mack and Seager (1995)
document a NW-trending synclinal warp with superimposed graben structures
and N to NE-trending fractures within the western part of this volcanic field. They
designate this the “West Potrillo transfer zone™ (Figure 3). Spatially and

temporally, this volcanic field has seen most of its history concentrated in the
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area west of the East Robledo fault (Figures 3 and 50). This area will henceforth
be referred to as the “western half” of the field for the purposes of this discussion.
The centers east of the East Robledo fault comprise the central and eastern
alignments. These deposits will be referred to as the “eastern half.” The eastern
half of the field is substantially less voluminous and represents much less of the
total eruption history. However, it does have the most youthful activity in the
entire Potrillo volcanic field. A summary of activity is provided by Figure 50. This
is based on field relationships, *He and “°Ar/*°Ar dates, and paleomagnetic data
for centers throughout the field. Recognition of discrete time intervals leads me
to propose five eruption phases. Interestingly, specific phases are not
constrained to a given half of the field, given alignment, or even a given volcanic
complex. The ensuing discussion and Figure 51 details this finding, first

addressing the western half of the area.

In the western half, field and drill hole evidence supports early activity dominated
by fissure-fed flows forming a plateau up to several hundred meters thick. Whole
rock argon dates extend to approximately 980 ka, and paleomagnetic data
document the reverse polarity Matayuma event. Later, eruptions took on a more
point source style, resulting in greater than 100 scoria cones with and without
associated breach flows. These flows are dominantly low aspect ratio pahoehoe-
style. Argon dates document flows to be as young as approximately 70 ka old

(i.e. the post-Potrillo Maar lavas).
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“Ar/*°Ar and *He data compiled here add considerably to our understanding of
the temporal history for the western half of the field. This area includes the
oldest, most prolific outpourings. Therefore, it is generally designated Phase |
(Figure 51a); the exception is that Potrillo Maar is included in Phase IV. But for
the most part, the paucity of dates compared to the number of eruptive units
present in this area does not provide enough detail for further discrimination of
phases. The understanding of timing over this 1 Ma history could be used for

regional estimates of episodicity.

There is more age control for the three recognized maars: Riley, Malpais and
Potrillo. Recall from Chapter 4 (Figures 6 and 7) that Riley formed approximately
620 ka ago, syn-Malpais activity was bracketed from 610 and 510 ka ago, and
post-Potrillo activity was around 70 ka ago. Within uncertainties, this suggests
that the Riley and Malpais eruptions may have been contemporaneous. After a
period of quiescence with respect to these two maars, phreatomagmatic activity
shifted southeast within this western half and formed the Potrillo complex.
However, eruptive foci jumped eastward roughly 20 km to initiate forming the
eastern half of the field, emanating as the older flows in the eastern alignment.
Therefore, magmatism initiated east of the East Robledo fault prior to the post-

Potrillo maar activity, which is west of this fault.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



124

At Potrillo Maar, paleomagnetic data place pre- and post-maar lavas as erupted
during the normal polarity Bruhnes event. There is not a reliable date for the pre-
maar flow cropping out to the northwest of the maar. Hence, it is not known if it
would represent Phase |, Il or Ill; however, post-maar flows are roughly 70 ka
old. The syn-maar surge deposit is faulted, as exposed in a road cut across the
northwest portion of the maar depression (Hoffer, Personal Communication).
This fault may be a southern trace of the East Robledo fault defined by Mack and
Seager (1995). Therefore, fault activity post-dates the syn-maar tuff ring
emplacement. Whether or not the fault moved prior to, contemporaneously with,
or after the post-maar volcanic episode at approximately 70 ka ago is yet

unresolved.

The combined central and eastern alignments resulted in a smaller volume of
material being emplaced (Phases Il through V; Figure 51), which may reflect the
two orders of magnitude less time represented by the deposits. The east half of
the field has more youthful geomorphic features than those observed in the west.
Stratigraphic relationships are vastly better understood, due to a combination of
the lesser number of units “coalescing” and lesser degrees of subsequent burial
of deposits, both by other magmatic materials and aeolian materials. The good

exposure of surfaces and stratigraphic control made the use of helium dating
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Figure 51. ldentification of eruption Phases | through V and shift of eruption foci
through time. (a) Tabulation of eruption dates, presented as ranges then rounded
averages. Episodicity for the east half of the Potrillo volcanic field is estimated by
averaging the length on time between Phases Il through V. (b) Cartoon —style
distribution of volcanic centers with eruptive phase indicated by | through V. This
shows the shift in foci then re-occupation of previously used edifices (e.g. Black
Mountain). Volcanic center name abbreviations and alignment color-coding found

in Figure 4.
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appropriate; argon/argon applications met with more limited success (as

discussed in Chapter 4) mainly due to the youthfulness of the flows.

Identified here are four discrete eruption phases (Figure 51a) for centers in the
east half of the Potrillo field. From oldest to youngest events, they are:

e Little Black Mountain and Black Mountain of the eastern alignment begin
growing during Phase |l (200 — 150 ka ago; rounded average = 175 ka).

e renewed eruptions at both Little Black Mountain and Black Mountain and
emplacement of the Afton flows (central alignment) during Phase il (140 —
95 ka; rounded average = 120 ka).

e post-maar eruption of several scoria cones with small volume/high aspect
ratio breach flows within the Potrillo Maar depression (western alignment)
during Phase IV (75 — 50 ka ago; rounded average = 60 ka).

o the eruptions of the Afton compiex, Kilbourne Hole, and Hunt's Hole
(central alignment) during the most recent activity of Phase V (30 — 10 ka;
rounded average = 15 ka).

Estimates for episodicity in this eastern sector are roughly 50 + 10 ka based on
rounded averages of hiatus intervals between Phases Il through V. In summary,
volcanic activity forming the Potrillo volcanic field was not continuous throughout
its 980 to 20 ka history. Rather, there has been punctuated activity with frequent
shifts of foci and some reoccupation of edifices after 50 ka upwards to 100 ka of

quiescence. This history of brief periods of eruptive activity separated by longer
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periods of inactivity has been noted for Quaternary mafic centers in the southern
Great Basin, U.S.A. (Crowe et al, 1989), indicating that eruptive histories are
more complicated than previously acknowledged (Wells et al, 1989). This
polycyclicity on the order of 10° to 10° years is now quantified for the Potrillo

volcanic field as a result of this dissertation study.

6.2 Elemental and Isotopic Geochemical Evolution

Process identification diagrams assist in discriminating between magmatic
processes by showing the relative behaviors of highly (H) and moderately (M)
incompatible elements during batch partial melting and fractional crystallization.
They also help discern whether or not evidence of source heterogeneity is
present. Two arrays were identified on several H versus H plots (Chapter 5),
indicating source heterogeneity. The first array was consistently composed of
eastern plus central alignment melts. The eastern lavas systematically plot at
higher incompatible concentrations than do the central iavas. The second array
was defined by the western alignment melts and had a lower trajectory than the

first array.

In terms of H/M versus H (Chapter 5), the western alignment data defined a
positively sloping array but the central and eastermn data comprised a second,
non-sloping trajectory. The ratio of highly to moderately incompatible elements

will increase as the degree of partial melting decreases whereas the ratio will
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stay almost constant or slightly increase for fractional crystallization. Figure 52
shows La/Sm plotted against La. The upper plot provides the position of each
sample. The lower plot displays the data in terms of eruptive phase and
delineates those data from the west half versus the east half. The west half,
which formed during eruptive Phase |, plots over a large range and has a
positively sloped trajectory. This range potentially reflects the longer eruptive
history and greater variation in degrees of partial melting. In comparison, the
centers in the east half of the field have a smaller range at higher degrees of
partial melt and have been modified by shallow level fractional crystallization.
Chen (1991) modeled the partial melting scenario primarily for the centers in the
central and eastern alignments by using initial liquid concentrations derived from
Mg / Fe®* against incompatible element concentrations. The calculations permit

a two to three percent batch melting of the mantle.

Phases Il, lll and V all overlap Phase | at lower, constant La/Sm ratios. Phase IV
is intermediate with respect to all other phases. The differences in La/Sm for a
given La concentration cannot be the result of a single magma batch undergoing
fractional crystallization (Perry and Crowe, 1992). Therefore, the presence of
discrete domains elucidates that the data are consistent with a series of magma

batches as opposed to derivation from one continuously fractionating batch.
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Figure 53 shows the relationship of Sc versus Sr. Again, the upper plot provides
the results for individual samples, with the exception of Potrillo Maar melts.
Phase 1V is not represented due to the lack of Sr data for this maar. This
diagram clearly shows that all melts forming the Potrillo volcanic field indicate
clinopyroxene crystallization at depth associated with early partial melting of
asthenospheric mantle. Physical evidence of an early cumulate stage is
potentially represented by clinopyroxene-dominated xenoliths brought to the
surface by the Kilbourne Hole episode, for instance. Melts from the east half
(mainly the eastern alignment centers) then experienced a shallow-level

lithospheric mantie or crustal residency overprint.

Luhr et al. (1995) modeled trends for non-modal melting of a light rare earth
enriched source. The source mineralogy is presented with respect to Yb versus
La/Yb (Figure 54), with end members of 100% garnet lherzolite to 100% spinel
lherzolite. This diagram illustrates that primitive (with respect to Mg # greater
than 64) samples from the San Quintin volcanic field, characterized by high Yb
and low La/Yb ratio values, plot close to a pure spinel lherzolitic source. In
comparison, the primitive samples from the Potrillo volcanic field have higher
La/YDb ratios but roughly the same range of high Yb concentrations. The Potrillo
volcanic field tapped a source of predominantly shallow spinel lherzolite. This is
similar to the San Quintin volcanic field, but with slightly more input from the

deep, garnet Iherzolitic mantle. The central and eastern alignments (i.e. the
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Figure 54. Yb versus La/Yb for primitive samples. This plot modified from Luhr
et al. (1995); model of nonmodal partial melting of gamet and spinel Iherzolite
sources following the method in Class et al. (1994). Paotrillo volcanic field center
abbreviations as in Figure 4. San Quintin volcanic field samples provided as
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WPM and “RWPM" are reversed polarity WPM.
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younger east half of the field) are lower in La/Yb than the western alignment (i.e.
the overall older west half of the field). Therefore, the source tapped by the

younger eruptions is slightly depleted in the highly incompatible elements.

Two distinct associations are observed in the isotopic data, thus leading to the
identification of two “groups” (Table 8). Group | melts are characterized by

increasing enq, decreasing ¥Sr/*®Sr, increasing lead isotopes, and slightly higher

magmatic *He/*He (R/R.) signatures. Group Il displays the opposite signatures:
decreasing eng, increasing #Sr/*®Sr, decreasing lead isotopes, and slightly lower

to overlapping magmatic *He/*He (R/R.) signatures. In both groups, ena -
®He/*He (R/R.) pairs are documented. Isotopic Group | melts have higher
concentrations of incompatible elements and represent lower degrees of partial
melting. Group lI melts have lower concentrations, thereby representing higher
degrees of melting, and have undergone later crystal fractionation at shallow

levels.

Preliminary modeling suggests three end member reservoirs are required to
explain Group | and Group Il (Figure 55). Based upon rationale set forth in
Chapter 5, PREMA and HIMU (Zindler and Hart, 1986) are considered as
reservoirs with high &ng, low ¥Sr/®®Sr, and high lead isotopes. Both are
consistent with “continental mantie.” These two sources are schematically

depicted as Reservoir A and Reservoir B. The third end member, Reservoir C,
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Table 8. Groups Determined from Isotopic Characteristics 133

Category Attributes
Group | Group i
Breach or Western Central
Fissure Lavas (Mantle Xenolith/cryst-
Eruption Bearing)
Style
Syn-Maar ¢ Mantle and Crustal
Lavas Xenolith/cryst-
Bearing:
RM, PM and KH
e Crustal Xenolith- e Crustal Xenolith-
Bearing: MM Bearing: HH
ENd High Low
875r/%sr Low High
Isotopes
206pp2%pp High Low
*He/*He (R/Ra) “ena Pairing”
Trace H/Mvs H High End Low End
Elements
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may be either enriched mantie (EM1; Zindler and Hart, 1986) or lower crust (LC;
see Chapter 5). Both elemental and isotopic evidence is equivocal, thus

resolving which of these two candidates is Reservoir C is problematic.

6.3 Integrated Magma Dynamics Model

Previous sections have outlined that temporal, physical, and chemical evidence
suggest that the Potrillo volcanic field has formed as essentially two halves: the
west and the east, relative to the East Robledo fault. Before presenting an

integrated magma dynamics explanation for the observed correlations, it is
necessary to consider mechanisms which allow mafic magma to ascend in the
first place. To do this, | have included ideas from Takada (1995). His study
evaluates magma emplacement modeled as “crack coalescence,” and then
relates this to the formation of monogenetic and polygenetic mafic centers.
Figure 56 is adapted from Takada (1989 and 1994). The four scenarios depict
the vertical direction of crack propagation as controlled by density difference and
stress gradient driving forces. Of the four, | believe that three cases can be

applied to explain eruptions forming the Potrillo volcanic field.

Case 1c is the situation where melt is generated in the asthenosphere and
begins to rise due to density differences between the liquid and the solid rock.
However, the rising magma reaches a level of neutral buoyancy (LNB) above

which it cannot ascend. Additional buoyancy can be achieved if superposition of
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Figure 56. Adapted from Takada (1989 and 1994). Styles of vertical direction of
crack propagation controlled by the driving force which is composed of both
density difference between magma and host rocks and the stress gradient.

Case 1. @ Magma is trapped at level of neutral bouyancy (LNB),
or where driving force decreases abruptly, within lithosphere.

Vesiculation around LNB gives magma additional bouyancy:
(a) hydrostatic stress conditicon,

(b) superposition of compressional stress upon hydrostatic, or
(c) superposition of extensional stress upon hydrostatic.

Case 2. Superposition of stress gradient where extensional stress
increases upward such that magma does not stali in lithosphere.

Case 3. Superposition of stress gradient where compressional stress
increases upward (i.e. magma does not ascend in lithosphere).

Case 4. Superposition of stress gradient where extreme extensional stress
increases upward such that any level of lithosphere is LNB.
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an extensional stress upon the hydrostatic stress decreases lithostatic confining
pressure, thus triggering vesiculation of the magma. This effectively drops the
density of the magma, thereby permitting the melt to resume its ascent to the
surface. This scenario does not call for protracted stalling of the melt at shallow
levels prior to vesiculation. | believe that Takada’'s Case 1c explains the syn-

maar eruption at Malpais Maar.

In the literature, there are two primary ways in which “maar” volcanoes
(associated with tuff ring development, for example) develop. One hypothesis is
that a few percent partial melt within the mantle results in magma charged with
volatiles. This drops the density of the liquid dramatically and propels the
material to the surface quite rapidly; field evidence in support of depth of
generation and rapid transport is the frequent inclusion of mantle and crustal
xenoliths in the tuffaceous phase of the eruption. The other hypothesis is that
“maar” voicanoes are a violent, near surface phenomena due to magma intruding
a water-saturated layer of crustal material, triggering a hydromagmatic explosion

resulting in fragmentation and solidification of the melt as tuff.

Based upon field observations alone, the absence of mantle xenoliths and
xenocrysts in the syn-maar tuff ring at Malpais Maar appears to indicate that the
system did not tap deep sources. Rather, that it is a result of magma intersecting

a watertable, triggering a purely hydromagmatic eruption resulting in
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development of a tuff ring. However, the chemical signatures of syn-maar
deposits do indicate a deep-seated origin in an apparent contradiction with the
field evidence. | propose that the magma ascended to a level of neutral
buoyancy (Figure 56, Case 1c¢), where it resided long enough for dense xenolithic
and xenocrystic materials to settle but not sufficiently long enough to acquire
crustal signatures. A vesiculation event was then triggered by a change in stress
(e.g. seismic activity), bringing about the continued ascent and ensuing

phreatomagmatic eruption forming Malpais Maar.

Case 2 in Figure 56 involves superposition of a stress gradient such that
extensional stress increases upward and does not allow magma generated in the
asthenosphere to stall while ascending through the lithosphere. In essence,
there is no level of neutral buoyancy. | believe that this mechanism can be called
upon to explain the eruptions of the west half of the field that is comprised of the
West Potrillo Mountains, Riley Maar and Potrillo Maar. The Kilbourne Hole
eruption in the east half is also best modeled using Case 2. All three maars have
field evidence and chemical signatures supporting this scenario, which would
allow for abundant mantle and crustal xenoliths and xenocrysts to be deposited

at the surface (ie. classic maar eruptions).

The third applicable scenario is Case 4. For this, superposition of a stress

gradient is such that extreme extensional stress increases upward thus allowing
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for any level of the lithosphere to become a level of neutral buoyancy with
respect to ascending magmas generated in the asthenosphere. Vesiculation is
not required. Depending upon the length and level of residency in the
lithosphere, the magma may or may not undergo crystal fractionation and/or
incorporate a crustal signature. | propose that this case documents the majority
of centers forming the east half of the field: Black Mountain, Little Black

Mountain, Afton, Aden, and Hunt's Hole.

Takada also considers the crack coalescence model in light of the style of
formation of mafic centers possible; namely, whether they are monogenetic or
polygenetic occurrences. He attributes the styles to correlation of magma input
and differential stress. In the situation of monogenetic occurrences, there would
be a lack of crack coalescence due to low magma input coupled with high
differential stress. Conversely, polygenetic complexes would form due to the
presence of crack coalescence related to high magma input and low differential
stress. He further states that the coexistence of monogenetic and polygenetic
volcanoes in areas of 30 km x 30 km, emplaced within 0.1 Ma periods, indicates

changes in either magmatic input and/or differential stress with time.

The east half of the Potrillo volcanic field hosts both monogenetic and

polygenetic centers with eruption dates within 100 ka or so of one another.

Further, these two styles of volcanism occur within a 30 km x 30 km area.
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Therefore, the crack coalescence model of Takada (1995) is directly applicable.
The older centers of the eastern alignment and the Afton complex are
polygenetic and document eruptions from approximately 200 to 100 ka ago
(Phases Il and lll). In contrast, the younger centers are Aden, Kilbourne Hole
and Hunt's Hole of the central alignment are monogenetic and erupted
approximately 30 — 20 ka ago (Phase V). So there appears to have been a
change from polycyclic to monocyclic, which implies a change in differential
stress and/or magma input rate during the roughly 65 ka years of quiescence in

the east half of the Potrillo volcanic field.

My integrated magma dynamics model (Figure 57) incorporates the physical,
spatial, temporal, chemical, and emplacement mechanisms. Overwhelming
evidence suggests that the East Robledo fault has played a major role in the
development and character of the Potrillo volcanic field.  This cartoon-style
diagram presents a west to east section viewed from the south toward the north.
It summarizes the distribution of major faults; alignments; volcano names; cone,
maar or fissure; monocyclic (m) versus polycyclic (p) style; isotopic groups;
eruption phases; and overall shift of eruption foci east of the East Robledo fault
with time. The third dimension is added to help visualize the potential source
reservoirs and the emplacement scenarios based upon the crack coalescence

model by Takada (1995).
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APPENDIX
Table A. *He Surface Exposure Dating Sample Descriptions
Eruptive Center Latitude Longitude Elevation Thickness Ol
3He Date Sample1 (North) (West) (meters) (cm) (%)
Little Biack Mountain
29#1 32° Q7' 20" 106° 47' 20" 1283 5 92
29#2 32° 07°'20" 106° 47'20" 1283 5
Black Mountain
21T 32° 04'19" 106° 47' 36" 1320 3
21B 32° 04' 19" 106° 47' 36" 1320 3
274 32° 04' 16" 106° 47" 36" 1372 5
27#2 32° 04' 16" 106° 47" 36" 1372 5
Aden Flows
23C# 3
23C#2 3
24B 3.5
24C 3.5
25A 45
65B#1 32° 05' 16" 106° 58' 11* 1291 3 95
65B#2 32° 05'16" 106° 58' 11" 1291 3 97
Syn-Hunt’s Hole
62C#1 31° 55' 06" 106° 57' 40" 1259 5
62C#2 31° 55' 06" 106° 57' 40" 1259 5
Syn-Kilbourne Hole
KHPRS13 31° §7' 30" 106° 57' 30" 1256 5
Afton Flows
22B#1 32° 03' 05" 106° 54' 43" 1286 3
22B#2 32° 03' 05" 106° 54' 43" 1286 3
22D 32° 03' 05" 106° 54' 43" 1286 3
58B#1 31° 53'15" 106° 58' 15" 1253 4 96
58B#2 31° 83'15" 106° 58' 15" 1253 4
58Ci#1 31° 53' 15" 106° 58' 15" 1253 4
28i#2 32° 58'34" 106° 57' 29" 1311 5
58A#1 31° 53'15" 106° 58' 15" 1253 4
Spatter Near Hunt’s Hole
63A#1 31 56'08" 106 58'11”° 1273

Notes:
1 Sample Density Used for Date

Calculations = 2.2 g/cc

2 Point counts on grain mounts conducted
on random ol and px separations to
determine percentage of of analyzed.

3 Shielded sample of the lower Afton flow.
Excavated from undar 2.3 m of tuff.
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Table A. *He Surface Exposure Dating Sample Descriptions

Eruptive Center Latitude Longitude Elevation Thickness o
3tie Date Samplet (North) (West) (meters) (cm) (%)
Post-Potrillo Maar
52A#1 31° 45' 45" 107° 1297 5
52A#2 31° 45' 45° 107° 1297 5
52C#1 31° 45' 45" 107° 1297 5
Post-Potrillo Maar
56A#1 31° 46' 23" 107° 1268 4 89.2
56A#2 31° 46' 23" 107° 1268 4
56A#3 31° 46' 23" 107° 1268 4
56B#1 31° 46' 23" 107° 1268 4
Post-Malpais Maar
M3#1 31° 48'38" 107° 11'48" 1317 3
M5#1 31° 48' 18" 107° 12' 16" 1277 4 92
M5#2 31° 48'18" 107° 12' 16" 1277 4
Carrizozo, New Mexico
CF1#1 33° 42' 06" 105° 56' 04" 1608 5
CF2#1 33° 42' 06" 105° 56' 04" 1608 5
Notes:
1 Sampie Density Used for Date

Calculations = 2.2 g/cc

2 Point counts on grain mounts conducted
on random of and px separations to
determine percentage of of analyzed.
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Table B. Comprehensive Major Element and Normative Mineralogy
Source Chen (1991)

Center Afton flows Aden Flows

§amp|e Ar4 AFere AF2 AFT AD6 ADS5 ADA4 AD3 AD3A AD2 AD1
10, 4520 4480 4453  44.73 46.47 46,75 4512 4496 4644 4400  46.27
TiO, 2.18 210 2.18 2.18 233 224 2.38 2.29 233 2.21 231
AlQO, 1473 1450 1456  14.89 15.40 15.84 1548 1541 15.94  14.91 15.96
Fe,0, 12.24 1110 12,04 12.15 11.87 1127 1107 1136 1104 1151 1123
MnO 0.17 0.19 0.18 0.18 0.16 0.16 017 0.16 0.16 0.16 0.16
MgO 10.84 1096 1114 1093 10,27 1009  10.67 8.92 8.78 9.00 9.43
cao 1044 10.83 10.88  10.52 9.93 9.69 10.01 9.93 1006  9.95 9.93
NayO 3.38 3.14 295 2.96 3.43 3.19 3.34 3.29 338 3.36 3.56
K20 153 1.61 1.40 1.62 1.76 1.77 1.72 1.75 1,72 1.78 1.76
P2Us 0.47 0.47 0.45 0.51 0.50 0.51 0.51 0.54 0.54 0.50 0.54
MaF 67.38  69.72 6833 67.72 66.87 67.63 6920 64.67 0496 0459 66.19
Or 9.0 0.5 8.3 06 10.4 10.5  10.2 10.3 10.2 10.5 10.4
Ab 8.5 7.0 7.2 7.8 12.1 14.6 9.4 12.0 14.9 9.3 12.9
An 20.5 20.7 224 22,6 21.4 23.7 222 22.1 232 20.3 22.4
Ne 10.9 10.7 9.6 9.3 9.1 6.7 10.2 8.6 7.4 10.4 9.3
Cpx 22.8 24.1 23,2 21.2 19.8 16.8 19.4 19.1 18.7 20.9 18.9
ol 20.5 19.3 21.1 21.1 20.0 20.2 20.0 17.4 16.9 17.2 18.2
Mt 27 24 1.7 26 2.6 25 24 25 24 25 24
[ 41 4.0 41 41 4.4 43 45 43 44 42 44
Ap 1.1 1.1 1.1 1.2 1.2 1.2 1.2 1.3 13 1.2 13
Total 100.12 9880 9863  99.59 101.10  100.32 9951 9762 9942 9638 100.17

Notes: Bolde sampie aesignations indaicate a Hawaaite rather than |rachybasa U -2> KRV, LebBas eral.,

Bolded and italicized sample designations indicate a Hawaaite-Trachybasalt (Na20 - 2 = K20; Le Bas et al., 1986).
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Table B. Comprehensive Major Element and Normative Mineralogy

Source (Williams, this study)
Center Potrillo Maar West Potrilio Mtns
ample 1 .20 . 8 03
5162 46,01  44.65 4449 44.23 47.73 4735 46,05 4624 46,77 4611 4358
TiO, 227 217 217 2.19 2,08 2.08 2.44 2.37 224 233 2,54
AlL,O4 16,52  13.82 13.76 13.79 16.52 16.24 1378 1461 1490 1469 13.76
Fe,04 10.89  11.89 11.82 11.90 10.36 1038 1144 1183 1156 1047 11.39
MnO 0.15 0.19 0.20 0.19 0.16 0.17 0.19 0.20 0.19 0.17 0.18
MgO 8.05 12.54 12,57 12.59 7.86 8.15 9.66 8.44 7.74 1009  10.16
Ca0 9,51 9.32 9.38 9.39 9.49 9.28 1127 10,06 8.57 1033  11.21
Na;O 3.92 3.38 3.35 348 4.01 4,07 3.23 4.03 3.69 3,01 2.31
[ 010) 1.98 1.61 1.65 1.59 1.67 1.67 0.84 0.96 1.77 1,70 0.77
F2Us 0.58 0.46 0.46 0.45 0.52 0.52 0.44 0.51 0.52 0.46 0.46
Ma# 03.07  71.00 71.06 71.16  63.80  03.08 66.74 06246 o125 0897 o/58
—or 11.7 95 9.0 0.4 9.9 9.9 4.96 567 1045 1004 455
Ab 13.2 5.6 8.6 7.2 19.3 18.7 1545 18,06 2044 1242  13.12
An 21.6 17.8 17.9 17.3 22.1 21.1 2062 1893 1886 2155 24.90
Ne 10.8 10.8 10.7 12.1 7.9 8.5 6.43 8.68 5.83 7.06 3.47
Cpx 17.6 20.5 20.6 21.2 17.5 174 2627 2253 1654 2154 2241
ol 15.9 24.1 26 239 15.4 18.0 1738 17.06 1776 18.89  19.49
Mt 24 26 4.1 26 22 23 2,76 2.87 2.79 253 2.76
i 43 4.1 1.1 42 4.0 4.0 463 450 425 442 4,82
Ap 14 1.1 1.1 1.2 1.2 1.04 1.20 1.23 1.08 1.08
Total 98.94  96.10 74.70 98.76 9951 101.10 9954 9950 9815 99,53  96.60
Notes:
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Table C. Major Element Analyses

e o e e ———— T T Y T v St T T T T Ty Tt T ey ]
Sample NM 1103 NM 1103* NM 1103** NM1167 NM1167* NM1168 NM1168* NM1169 NM1169* NM1171 NM1171* PVF1
=xperimen WPVFA WPVFA WPVFB WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA

S10, 46.05 46.18 46.24 46.77 46.11 4358 46.13
TiO, 244 245 2.37 224 233 254 2,68
AL, 0, 13.78 13.58 14.61 14.90 14.69 13.76 15.63
Fe,0; oy 11.22 11.39 11.71 11.83 11.83 11.41 11.68 10.58 10.37 11.36 11.43 12,24
reportavg 11.44 11.83 11.56 10.47 11.39 12.35

Fe; 7.85 7.97 8.19 8.27 8.27 7.98 8.17 7.40 7.25 7.94 7.99 8.56
Fe (29 0.12 0.12 0.12 0.13 0.13 0.12 0.12 0.11 0.11 0.12 0.12 0.13

MnO 0.19 0.18 0.20 0.19 0.17 0.18 0.20
MgO 9.66 10.00 8.44 7.74 10.09 10.16 7.76
Mg 0.24 0.25 0.21 0.19 0.25 0.25 0.19
Ca0O 11.11 11.74 10.97 9.63 10.49 9.17 7.96 10.10 10.56 11.46 10.96 9.36
reportavg 11.27 10.06 8.57 10.33 11.21 9.90
Na,O 3.26 327 3.16 3.96 4.09 3.69 1.27 2.98 3.04 229 233 3.75
reportavg 3.23 403 3.69 3.01 231 3.82
K.0 0.84 0.84 0.96 1.77 1.70 0.77 1.76
P,Os 0.44 042 0.51 0.52 046 046 0.56
LOI 1.37 1.29 1.78 0.93 0.76 3.69 0.74
Totale 1oy 100.71 101.03 98.86 100.12 100.06 101.63
Mg# (0.5) 66.74 66.56 62.46 61.25 68.97 67.58 59.65

Note: All concentrations expressed in weight percent.

Major element analyses provided by Texas Tech.

*Indicates NAA (24-Hour Count) done at UT-El Paso.

**Run as a blind with experiment WPVFB,

***Run as a blind with experiment WPVFA.

Mg # = [molar (Mg / (Mg + Fe ?*)]x100

Iron distribution calculated from Fe ;03 (7o) as follows:
(1) Fe 1 =Fe,03 (Total) X 0.699
(2) Fe? ={(Fer* 0.85)/55.847]
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Table C. Major Element Analyses

Sample PVF1* PVF7 PVF7* PVF8 PVF8* PVF10 PVF10* PVFI1 PVF11* PVF11* PVF15A PVF15A*
ixperimen WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFB _WPVFA WPVFA

SiO, 45.68 45.64 44.90 44.54 4580  46.02

TiO, 2.66 248 2.61 2.45 251 259

AlL,O, 14.99 14.98 15.18 14.00 1418  14.33
Fo,0y oy 1246 1196 1157 1039 1068 1203 1193 1095 1092 1131 1136  11.43
report avg 11.77 10.53 11.98 11.06 11.39

Fe; 8.71 8.37 8.09 7.27 7.47 8.41 8.34 7.66 7.64 7.91 7.94 7.99
Fe 3% 0.13 0.13 0.12 0.11 0.11 0.13 0.13 0.12 0.12 0.12 0.12 0.12

MnO 0.20 0.17 0.19 0.17 0.18 0.18
MgO 8.85 9.91 8.93 11,62 11.30 10.18
Mg 0.22 0.25 0.22 0.29 0.28 0.25
Ca0 10.43 9.08 9.54 10.32 10.51 10.16 10.16 11.02 10.74 11.25 9.77 10.23
report avg 9.31 10.42 10.16 11.00 10.00
Na,O 3.88 3.82 3.80 3.21 3.34 3.47 3.51 2.46 248 250 3.27 3.49
report avg 3.81 3.27 3.49 248 3.38
K,0 1.96 1.58 1.65 1.45 1.57 1.00
P,05 0.59 0.57 0.53 0.38 0.43 0.45
LOI 0.87 0.95 0.47 0.88 0.79 1.77
Totalg, 1oy 100.68 100.49 100.09 99.93 101.28
Mg# (0.5 63.29 68.97 63.37 71.03 69,96 67.62
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Table C. Major Element Analyses

Sample NM1170*

MPRS6 MPRSé6*

MPRS7 MPRS7*

MSYN8 USYN8Duj KHSYN1 KHSYN1* KHSYN2 KHSYN2* HHSYN1
sxperimen WPVFB WPVFB WPVFB _WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB

SiO,

4478

44,50 44,98 4472 46.12 4485 47.64
TiO, 2.45 2.53 2.61 2.59 2.34 2.23 2.16

Al O, 14.37 156.27 15.51 15.38 14.51 14.56 14.68

Fe,04 (Total) 12.14 11.44 11.57 10.87 11.57 11.58 11.38 12.18 12.24 11.70 12.08 10.76

report avg 11.51 11.22 11.48 12.21 11.89 10.86
Fey 8.49 8.00 8.09 7.60 8.09 8.10 7.96 8.52 8,66 8.18 8.45 7.53
Fe™ 013 0.12 0.12 0.12 0.12 0.12 0,12 0.13 013 0,12 0.13 0.11
MnO 0.18 0.18 0.19 0.19 0.20 0.19 0.18
MgoO 9.94 8.94 947 9.30 11.10 10.45 9.49
Mg 0.25 0.22 0.23 0.23 0.28 0.26 0.24
CaO 10.76 10.41 10.40 10.38 10.79 10.26 10.32 9,95 9.86 9.81 9.67 9.68
report avg 10.41 10.59 10.29 9.91 9.74 9.80
Na,O 3.71 2.89 3.05 3.39 3.56 3.75 3.69 3.54 3.59 3.46 3.66 3.21
report avg 297 3.47 3.72 3.57 3.56 3.26
K,0 1.38 1.81 1.80 1.78 1.75 1.70 1.80
P,05 0.56 0.58 0.65 0.60 0.62 057 0.50
LOI 1.19 1.48 0.31 0.31 -0.10 0.02 0.31

Total(F. Tot) 99,73 100.57 101.01 102,22 99,76 100.68
Ma# s 66.95 65.72 6559 6558  67.99 67.55 67.28
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Table C. Major Element Analyses

Sample HHSYN1* HHSYN2 HHSYN2*

WPMeé

wPMe*

sxperimen WPVFB WPVFB WPVFB MAOVL MAOVL

WPM?7

WPM7*

WPM7**

WPMs

WPMs*

WPM10 WPM10*
MAOVL MAOVL WPVEB MAOVL MAOVL MAOVL MAOVL

sio,

47.00

44.18 46.33 46,07  43.66 45.67
Tio, 2.30 2.37 2.01 2.06 227 2.48
AL,0, 15.03 15.56 16.12 1548 15,69 15.64
Fe,Oy(rotay 1096 1144 1106 1202 1120 1100 1130 1137 1354 1210 1166 1150
report avg 11.25 11.61 11.22 12.82 11.58
Fe; 7.67 8.00 7.74 8.41 7.83 7.69 7.90 7.95 9.47 8.46 8.16 8.04
Fe 29 0.12 0.12 0.12 0.13 0.12 0.12 0.12 0.12 0.14 0.13 0.12 0.12
MnO 0.19 0.17 0.18 0.20 0.21 0.16
Mgo 10.16 10.86 8.56 8.31 6.98 10.08
Mg 0.25 0.27 0.21 0.21 017 0.25
Ca0 9.92 1049  10.06  10.07  10.60 917 9.13 9.48 9.01 8.85 9.68 9.88
report avg 10.28 10.34 9.26 8,93 9,78
Na,0 3.31 3.25 322 3.00 2.94 3.80 3.66 373 4.49 4.10 3.36 3.23
report avg 324 297 3.73 430 3.30
K,0 1.68 1.80 1.30 1.28 219 1.75
P,0s 0.42 0.61 047 0.46 0.73 0.56
Lol 0.33 0.86 1.80 1.96 1.69 0.13
Total g, 1oy 101.87 101.33 100.98 99,47 101.13
Mg# (o.05) 67.43 67.80 64.46 63.01 54,58 66.83

o1
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Table C. Major Element Analyses

Sample M4 Ma* M2 M2*  MWC3 M1 M1* M3 PVFM3** M3 M5 M5*
Zxperimen CHEN CHEN MAOVL MAOVL CHEN MAOVL MAOVL CLKHA WPVFA CLKHA CLKHA CLKHA
Si0, 4536 43.66 4454 4585 4434  43.93 44.90

Tio, 252 233 248 247 2,52 2,68 2.50

ALO, 15.16 14.44 1670  16.20 1531 1520 15.41
Fo,Os oy 1286 1193 1336 1220 1141 1140 1119 1064 1083 1070 1129  11.33
reportavg  12.40 12.78 1141 11.29 10.72 11.31

Feq 9.00 8.34 9.34 8.53 798 797 7.83 744 757 748 790 792
Fe® 0.4 0.13 0.14 0.13 0.12 0.12 0.12 0.11 0.12 0.11 0.12 0.12
MnO 017 0.18 017  0.16 017 018 0.17

Mgo  10.74 10.99 9.22 9.39 998 1056 9.47

Mg 0.27 0.27 023 023 0.25 0.26 0.23

ca0 1009 1069 1065 1070  9.73 9.37 885 1002 1019 1016 979  10.14
reportavg  10.39 10.68 9.73 9.11 10.12 9.97

Na,0 342 3.45 233 238 386  3.77 3,50 373 3.82 3.69 433 425
reportavg  3.44 2.36 386 363 375 4.29

K,0 1.68 1.63 196 2,06 1.84 1.74 1.21

P,Os 052 055 056 058 063 065 0.65

] -0.49 053 032 007 047 048 0.18
Totalgy 1,y 101.88 100,12 99.31  100.80 99.85 100.06

Mg# o5y 66.06 65.72 6533 65.76 68.62  69.45 66.16
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Table D. Comprehensive Trace Element Analyses

166

Sample NM 1103 NM 1103*NM 1103 NM1167 NM1167* NM1168 NM1168*
Experimeni WPVFA WPVFA WPVFB WPVFA WPVFA WPVFA WPVFA

Na,O 3.27 3.26 4.09 3.96 1.27 3.69
Ca0O 11.74 11.11 10.49 9.63 7.96 9.17
Sc 304 29.8 26.3 26.1 254 25.0
Average 30.1 26.2 25.2
Ti 25
v 244 233 205
Cr 357 247 292 308 259 257
Average 302 300 258
Fe,O, 11.39 11.22 11.83 11.83 11.68 11.41
Co 494 442 439
Ni 191 130 126 118 102
Average 191 128 110
Cu 38.00 33.60 29.50
Zn 75.0 847 73.6 89.3 79.1
Average 75.0 79.2 84.2
Rb 14 21 38
Average 14 21 38
Sr 665 667 657 691 708 695 707
Report 667 709 707
Zr 212 186 190 272 229 282 242
Report 186 229 242
Nb 26 67 82 82
Ba 564 496 466 635 521 668 538
Report 496 521 538
La 26.1 374 25.1
Ce 49.3 62.2 63.4
Nd 249 27.7 29.5
Sm 5.23 6.48 454
Eu 1.95 2.05 2.1
Y 26 27 26
Tb 0.75 0.78 0.78
Yb 1.946 2.146 1.890
Lu 0.30 0.35 0.31
Hf 444 5.73 6.09
Ta 3.48 4.34 4.45
Th 3.15 4.86 4.90
U 0.89

Note: All concentrations in ppm.

NAA analyses (WPVFA 24-hour and WPVFB 8-hour counts) determined at UT-El Paso.

* Indicates ICP (AAS for Rb) determinations provided by Texas Tech.

**Run as a blind with experiment WPVFB.

*"Indicates XRF analyses by W. Chen through the NM Bureau of Mines and Geology.

' NAA run as experiment CKLHA (24-hr counts). Peaks originally picked by C. Long.
Peaks re-picked by W. Williams under experiment label "WJWMM" for comparison.

2 NAA run as CKLHA (24-hr counts). Spiitrunas blind with WPVFA ICP analyses.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table D. Comprehensive Trace Element Analyses

NM1169 NM1169* NM1171 NM1171* PVF1 PVF1* PVF7 PVF7*
WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA
3.04 2.98 2.33 2.29 3.88 3.75 3.80 3.82
10.56 10.10 10.96 11.46 1043 9.36 9.54 9.08
29.9 28.9 324 30.0 253 235 24.4 23.9

294 31.2 244 241
230 263 208 212
331 365 315 340 156 148 262 255
348 328 152 258
10.37 10.58 11.43 11.36 12.46 12.24 11.57 11.96
46.8 481 455 436
190 241 168 175 99 163 153
216 172 99 163
33.70 38.00 31.70 30.70
69.8 76.2 69.5 71.8 95.0 873 84.2 84.6
73.0 70.7 91.1 844
39 20 42 45
39 20 42 45
618 587 623 623 792 839 786 837
587 623 839 837
241 192 230 183 275 226 290 231
192 183 226 231
76 66 90 93
605 471 529 419 764 596 716 592
471 419 596 592
33.7 29.6 42.7 39.6
57.7 52.1 72.5 67.1
25.0 253 342 30.8
6.53 6.10 7.56 7.01
1.96 1.98 2.41 2.20
29 26 29 28
0.82 0.78 0.92 0.83
2.257 2.017 2.419 2.261
0.36 0.33 0.37 0.37
4.85 459 6.03 5.94
3.69 3.41 4.72 4.70
4.13 3.26 5.16 4.92
1.35
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Table D. Comprehensive Trace Element Analyses

PVF15A PVF15A*

3.49

10.23

285
28.6

294
307

11.43

50.6
183
209

80.3
73.3
28
28
707

240

657

34.2
58.9
27.3
6.41
2.05

0.81
2.039
0.32
5.15
3.98
4.19

3.27
9.77
28.8

225

321

11.36

235

30.40
66.4

708
708
204
204

526
526

26

PVF8 PVF8* PVF10 PVF10* PVF11 PVFi1*
WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA WPVFA
3.34 3.21 3.561 3.47 2.48 2.46
10.51 10.32 10.47 10.16 10.74 11.02
29.2 29.6 27.7 314 32.0 35.1
29.4 29.6 33.5
213 225 242
267 281 162 170 366 390
274 166 378
10.68 10.39 11.93 12.03 10.92 10.95
481 47.0 522
182 208 131 126 227 242
195 128 235
36.50 37.00 39.60
71.8 63.6 78.8 86.8 70.3 65.6
67.7 82.8 68.0
38 37 31
38 37 31
678 682 758 77 575 593
682 771 593
250 201 259 209 204 172
201 209 172
83 79 63
665 526 751 607 672 531
526 607 531
41.0 39.3 27.0
68.1 67.0 483
31.1 33.3 256
7.19 7.28 595
2.22 225 1.86
29 30 26
0.85 0.86 0.76
2.289 2.276 1.948
0.36 0.37 0.31
512 522 4.36
4.14 412 3.23
4.94 4.45 3.15
0.85
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Table D. Comprehensive Trace Element Analyses

PVFi6B PVF15B* NM877 NM877* NM878 NM878* NM879 NM879"
WPVFA WPVFA WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB

3.91 3.94 3.85 3.78 3.61 3.64 3.62 3.60
10.22 10.20 9.30 9.33 10.06 10.36 9.91 10.27
27.8 285 273 251 29.6 28.1 280 27.0
28.1 26.2 28.9 27.5
25 27 2.3
223 204 225 203
283 291 256 277 264 280 226 238
287 267 272 232
11.30 11.20 11.54 11.38 11.13 10.94 11.79 11.96
49.8 492 50.6 47.8
180 194 169 228 199 254 155 148
187 199 227 151
34.70 34.00 43.00 46.00
744 73.5 85.2 78.0 70.8 72.0 83.6 78.0
74.0 81.6 71.4 80.8
31 44 44 41 40 39 36
31 44 41 38
724 730 733 718 696
730 733 718 696
247 203 205 238 230 224 215 235
203 avg 221 avg 227 avg 225
74 77 79 76
639 516 589 530 577 492 558 499
516 530 492 499
416 39.3 38.7 39.6
67.7 66.6 67.7 68.1
313 31.8 34.2 32.7
7.04 6.62 7.00 6.89
2.15 2.14 2.22 2.19
29 27 30 30
0.85 0.85 0.89 0.91
2.192 2.175 2.215 2.307
0.34 0.34 0.34 0.36
4.95 534 5.09 5.25
3.89 415 419 3.97
4.76 5.16 4.76 4.87
1.27 1.02 1.31
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Table D. Comprehensive Trace Element Analyses

NM880 NM880* NM1170 NM1170* MPRS6 MPRS6* MPRS7 MPRS7*
WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB
3.13 3.20 3.71 3.80 3.05 2.89 3.56 3.39

9.64 10.76 11.13 10.40 10.41 10.79 10.38
25.7 253 325 30.2 30.8 288 293 26.6
25.5 31.3 29.8 27.9
2.1 25 24 24
163 197 223 208
246 268 316 324 310 311 235 225
257 320 310 230
10.97 11.24 12.14 11.63 11.57 11.44 11.57 10.87
45.2 53.4 52.2 48.8
133 135 174 195 199 222 168 159
134 184 210 164
60.00 43.00 41.00 35.00
78.7 81.0 81.3 81.0 78.5 74.0 82.5 72.0
79.9 81.2 76.2 77.3
29 26 7 31 33 41 36
27 7 32 39
622 668 682 969
622 668 682 969
232 248 221 210 214 190 234 217
avg 240 avg 215 avg 202 avg 226
71 64 68 73
521 459 529 452 546 473 571 482
459 452 473 482
33.0 332 325 412
59.3 59.3 58.0 723
293 30.1 30.8 35.2
5.84 6.48 6.37 7.27
1.90 2.12 2.09 2.32
29 29 29 30
0.78 0.86 0.83 0.97
2.190 2.158 2.106 2.319
0.35 0.34 0.32 0.37
5.19 4.87 454 5.27
3.76 3.52 3.39 3.93
4.53 3.92 3.94 5.10
1.33 1.14 1.22
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Table D. Comprehensive Trace Element Analyses

KHSYN1 KHSYN1* KHSYN2 KHSYN2* HHSYN1 HHSYN1* HHSYN2 HHSYN2*
WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB WPVFB

3.59
9.86
27.2
26.4

395
388
12.24
53.3
277
287

89.0
86.0

41

250
avg 237

568

36.8
64.7
32.5
6.86
2.14

0.92
2.476
0.39
6.37
3.74
4.53
1.29

3.54
9.95
25.5

23

207
381

12.18

298

39.00
83.0

40
677
677
224

67

499
499

31

3.66
9.67
27.3
26.1

405
414
12.08
53.4
260
332

87.5
84.3
40
39

237
avg 224

541

36.5
64.6
329
6.87
217

0.89
2.373
0.37
5.07
3.63
4.42
1.35

3.46
9.81
249

2.2
198
422

11.70

404

42.00
81.0

38
646
646
211

66

460
460

31

3.31
9.92
28.6
275

248
244
10.96
495
182
170

78.1
73.6
42
41

196
avg 197

583

34.5
61.4
31.7
6.50
2.04

0.87
2.333
0.36
4.73
3.1
4.32
1.00

3.21
9.68
26.5

2.1

202
239

10.76

158

38.00
69.0

40
602
602
197

55

529
529

29

3.22
10.06
29.7
293

247
253
11.06
50.7
185
176

71.6
72.8
37
37

196

574

30.8
55.4
31.0
6.08
1.92

0.80
2.209

4.40
3.09
3.99
1.14

3.25

10.49
28.9

2.2

216
259

11.44

168

38.00
74.0

36
626
626
196

57

505
505

30
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Table D. Comprehensive Trace Element Analyses

WPME WPM7 WPM8 WPM10 M4 M2 MWC3 M1
MAOVL MAOVL MAOVL MAOVL CHEN MAOVL CHEN MAOVL
2.94 3.66 4.10 3.23 3.45 2.38 3.86 3.50
10.60 9.13 8.85 9.88 10.69 10.70 9.73 8.86
296 26.7 21.0 28.0 30.1 31.0 285 275
296 26.7 21.0 28.0 30.1 31.0 285 27.5
278 231 91 255 282 346 229 241
278 231 91 255 282 346 229 241

11.20 11.30 12.10 11.50
52.1 44 .1 38.9 50.1 56.8 58.6 483 50.1
202 140 75 168 172 220 177 160
202 140 75 168 172 220 177 160
46 46 72 43 38 38 50 45
46 46 72 43 38 38 50 45
685 643 959 679 631 696 708 745
685 643 959 679 631 696 708 745
213 252 301 204 177 167 218 217
213 252 301 204 177 167 218 217
65 63 89 59 57 52 67 65
605 470 638 506 474 473 540 569
605 470 638 506 474 473 540 569
40.0 39.3 55.7 36.5 33.2 33.0 42.2 42.4
68.9 68.4 93.4 63.6 62.4 60.4 75.4 74.0
313 30.9 40.9 30.6 26.3 26.6 30.2 304
5.83 5.91 7.44 6.09 5.59 5.55 6.40 6.17
2.18 1.74 2.51 1.81 212 210 224 2.19
26 27 31 28 25 25 28 26
0.89 0.86 0.98 0.92 0.90 0.81 1.01 0.90
2.470 2.440 2.630 2.330 2.280 2.090 2.360 2.230
0.34 0.37 0.40 0.35 0.35 0.35 0.37 0.35
5.16 5.76 6.61 4.88 4.31 419 4.86 5.10
3.77 2.17 3.29 3.13 2.93 3.91 3.88
4.78 5.01 6.27 3.96 3.41 3.40 4.97 5.04
1.59 1.81 1.93 1.14 0.69 0.74 1.28 1.19
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Table D. Comprehensive Trace Element Analyses

M3 m3* M3 Mm3* M3 NAA M5 Ms* M5
CLKHA CLKHA WJWMM' WJWMM?(Averaged) CLKHA CLKHA WJWMM'
3.73 3.73 3.60 3.82 3.67 422 433 4.21
11.2 10.02 9.25 10.19 10.23 10.37 9.79 10.26
29 285 293 268 29.2 2717 26.8 279
284 275
228
242 268 241 259 242 246 268 245
253 253
10.79 10.64 10.73 10.76 11.32 11.29 11.33
49.1 490 49.1 494 50.3
188 223 186 190 187 162 181 160
197 168
40
68
38 43 38 22 24
41 23
640 748 693 640 632 740
avg 721 740
227 207 220 200 224 211 209 211
avg 214 avg 210
62 83 61
508 540 534 492 521 520 492 516
avg 516 492
39.8 40.2 40.0 39.0 39.5
72.6 74.7 737 69.9 72.1
344 3238 33.6 31.0 31.5
6.6 6.54 6.57 6.38 6.33
2.11 2.10 2.1 2.06 2.05
29.7 30.4 29
0.908 0.900 0.904 0.875 0.860
225 2.25 2.25 2.23 224
0.34 0.34 0.34 0.34 0.33
4.71 4.69 4.70 4.73 472
422 4.20 4.21 4.00 4.03
4.1 4.08 4.10 4.13 4.10
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Table D. Comprehensive Trace Element Analyses

M5 NAA AF4 PM824 PM20 PM16
(Averaged) CHEN CHEN CHEN CHEN
4.22 3.24 3.53 3.49 3.92
10.32 10.64 11.85 9.83 9.86
278 29.5 315 30.0 24.9
29.5 315 30.0 24.9
246 358 438 528 229
358 438 528 229
11.33 11.10 12.23 12.46 10.30
49.9 54.8 61.9 63.2 44.7
161 203 306 340 106
203 306 340 106
22 35" 34 34" 36"
35 34 34 36
632 558*** 582" 574" 6407
558 582 574 640
211 172=* 194" 198 214
172 194 198 214
46 49** 49** 50"
518 484 437 500 490
484 437 500 490
39.3 30.1 35.8 35.2 37.4
71.0 54.9 654 65.1 68.7
31.3 25.6 27.3 279 27.3
6.36 5.55 5.89 5.97 568
2.06 2.01 2.21 2.23 2.09
26 27 28 27
0.868 0.95 0.90 0.93 0.82
2.24 214 2.45 2.57 2.38
0.34 0.36 0.39 0.40 0.40
4.73 4.08 4.58 4.80 4.86
4.02 2.66 3.05 298 3.01
412 3.36 3.73 3.52 4.05
0.92 0.84 0.80 0.99
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COSMOGENIC HELIUM SURFACE EXPOSURE DATING OF THE
QUATERNARY MAFIC SAN QUINTIN VOLCANIC FIELD,

BAJA CALIFORNIA NORTE, MEXICO

Wendi J. W. Williams
'Department of Geological Sciences, University of Texas, El Paso, TX

79968-0555 wjwwilliams@hotmail.com

Jane Poths®
?CST-7, Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

A better understanding of eruption ages, episodicity, and spatial distribution of
Quaternary volcanism can allow detailed petrogenetic modeling and assessment
of neotectonic events. Previous He surface exposure dating of young, mafic
volcanism within the southwestern United States has demonstrated the
promising application of this method to pahoehoe surfaces located above 1000
meters elevation. We have now gathered helium data for the San Quintin field in
México to determine not only the timing of eruption events, but also to evaluate
this dating method for samples collected from both aa and pahoehoe surfaces
located near sea level. Multiple lava flows from 9 of the 10 exposed complexes

were sampled for cosmogenic helium dating, yielding eruption dates from 165 +

176
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were sampled for cosmogenic helium dating, yielding eruption dates from 165 +
13 ka to 22 + 5 ka (1 5). Two major episodes of volcanic activity occurred along

parallel lineations trending roughly N40°W. The younger trend of three centers

(31 £ 4 ka, 27 £ 5 ka and 22 + 5 ka) steps outboard to the southwest from the
older alignment. The older dated surfaces range from 165 + 13 ka to 84 + 10 ka,

where these bracketing dates happen to be for two distinct lavas associated with
nested cinder cones comprising the Woodford complex. The data provide
quantitative geochronologic evidence for multiple eruptions (ie. polycyclicity)
from a single mafic volcanic center which are separated by a time gap
discernible within the resolution of the helium technique. Comparison of *He to
“Ar/*Ar dating for the field yields agreement within the uncertainties of the
these dating methods: 1) a flow from the Kenton complex yields a helium date of

145 + 14 ka and argon date of 126 + 8 ka and 2) for a Media Luna flow, *He
yields 106 + 9 ka (weighted average of two surfaces from the same flow)
whereas the step-heated argon analysis of groundmass resuits in 90 £ 10 ka.

An interesting petrologic insight is provided by the helium trapped in the olivine
and clinopyroxene mineral separates. Geochemical and isotopic signatures
documented by Luhr and others (1995) support incorporation of crustal
components by ascending magmas forming Ceniza and Monte Mazo centers.

Lavas from those two centers and the other 7 centers we analyzed yield *He/*He

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



178

values ranging from 4.9 + 0.9 R/Ra to 7.4 + 1.1 R/R,, which may reflect addition
of crustal heilium (<0.1 R/R,) to melts derived from a MORB (8 + 1 R/R.) source.

However, the San Quintin trapped component determinations do overlap within

analytical error. If the 5.52 + 2.42 weighted average is considered instead of

individual R/R, values for this field, the trapped component composition may
represent the low end of the range reported by Graham and others (1992) for

MORB rather than a crustal signature.

INTRODUCTION

Previous *He surface exposure dating of young, mafic volcanism within Hawaii
and the southwestern United States has demonstrated the promising application
of this method to pahoehoe lava flow surfaces (for instance: Kurz (1986a,b),
Kurz and others (1990), Craig and Poreda (1986), Marti and Craig (1987),
Cerling (1990), Anthony and Poths (1992), Poreda and Cerling 91992), Cerling
and Craig (1994), and Laughlin et al. (1994)). We have now gathered helium
data for the San Quintin field to determine not only the timing of eruption events,
but also to evaluate this dating method for samples collected from both rough aa

and pahoehoe lava flow surfaces located near sea level.
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Numerous studies have been done concerning the San Quintin volcanic field,
beginning with Woodford's geologic study published in 1928. A comprehensive
review of the literature, as well as detailed investigation of geology, petrology
and geochemistry for this volcanism, has recently been completed by Luhr et al.
(1995). They consider this volcanic occurrence as representing the westernmost
expression of the Basin and Range extension in northern México. The field
(Figure 1) forms a Y-shaped bay along the Pacific coast of Baja California Norte,
approximately 260 km south of the México - United States border. It consists of
10 discrete complexes dominated by cinder cones with both aa and pahoehoe
flows. Our study provides helium determinations for flows from 9 of these
centers. There is evidence of subaqueous eruptions building subaerially to
shield-type cones as the bases to later developing cinder-type cone and flow
deposits. A possible 11 complex is partially exposed in a seacliff west of Basu.
Luhr and others (1995) have completed detailed mapping, identifying 41
different eruptive units. According to their stratigraphic assessment, the
complexes are (from oldest to youngest): Ceniza, Riveroll, Kenton, Woodford,
Basu, Media Luna, Isla San Martin, Sudoeste, Monte Mazo, and Picacho
Vizcaino. For ease of correlation, we have adopted the field-based sample
designations made by Luhr et al. (1995) as part of our sample names (e.g.
Media Luna Flow B is “LBL" whereas a lava lake associated with Woodford

Cone C is “WC").
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ANALYTICAL METHODS AND RESULTS

Well-preserved breach-flow or lava lake surface samples were analyzed for 9 of
the volcanic centers (Figure 1). In some instances, several surfaces from a
single flow were collected. Noble gases were determined (Table 1) for olivine +
clinopyroxene mixtures separated from these surfaces. Sample locations and
descriptions are provided in Table 2. For analytical procedures, see Anthony

and Poths (1992) and Laughlin and others (1994).

The concentration and isotopic compositions of helium and neon were
determined for the trapped component by crushing approximately 0.3 grams of
mineral separates on-line to a Nier mass spectrometer. The resulting powder
was melted under vacuum, releasing a mixture of cosmogenic and residual
trapped components. In several cases, additional powder splits were crushed
off-line in a nitrogen atmosphere to increase the amount of powder later run in
the furnace. The number of packages melted is reflected in the total weights
provided in Table 1: one equals about 0.3 g, two yields closer to 0.5 g and three
hold roughly 0.8 g . Cosmogenic *He was determined by subtracting the trapped
values from the total *He released during the melt procedure. This trapped

helium was assumed to be equal to the amount of “He released in the melt step
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San Quintin Volcanic Field
Baja California Norte

México

- Pyroclasts

Lavas

Figure 1. Local map of the San Quintin volcanic field, Baja California Norte,
México. Pyroclasts indicate scoria cone positions. Complexes present: L —
Media Luna; W — Woodford; B — Basu; V — Picacho Vizcaino; S — Sudoeste;
M — Monte Mazo; K — Kenton; C — Ceniza; and | — Isla San Martin. (Modified
from Luhr et al., 1995).
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multiplied by the *He/*He released in the crush step. The correction for trapped
helium ranged from 6% to 38%, however values are typically -either

approximately 10 % or 30 %.

All data in Table 1 have been corrected for mass discrimination and blank.
Errors are reported as one sigma analytical uncertainties. The concentration of
cosmogenic SHe and the dates include propagated uncertainties for analysis,
blank and correction for the trapped *He in the melt step. The trapped *He/*He
values vary for different flows and therefore have not been averaged for the
trapped correction. We have used production rates based on work by Cerling
and Craig (1994): a value of 440 atoms/grams/year at 1445 m and 39°N latitude,
adjusted for latitude and altitude using the work of Lal (1991). Production of *He
in olivine and clinopyroxene was assumed identical within analytical error, based
upon conclusions drawn by Laughlin and others (1994). We have further
decreased the production rate by 18% to incorporate the recalibration of the '*C

timescale by Bard et al. (1990).

There are two types of averaging included in Table 1. In the case of two
surfaces collected several meters apart on the same Media Luna flow “B”, the
line associated with sample LBL1+2#1 presents weighted averages for the two

separate crush-melt analyses of LBL1#1 and LBL2#1. In contrast, dates
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Table 1. Noble gases for cosmogenic hellum dates from olivine and clinopyroxene fractions.

Crush Melt
Sample He RAR, “Ne Wi {*He] [He,] [Heds *He Prod Rate °He Dates
mollg 10°"° molig g mollg mollg atoms/g atoms g'yr' (ka)
Media Luna
LBL1# 7.8BE-00 +/- 2,.37E-10  B.45 4/-2,26 3.17 +/- 0,19 02707  4,1BE-00 +/- 22E-10 4.74E-13 +/- B,5BE-14  1,19E+07 +/- 1.69E+08 102 125 +-15
LBL2#1 2,60E-08 +/-7.81E-10 516 +/-0,06 54B+/-021 0.4763  4.45E-00 +/- 23E-10 3.85E-13 +/- 4.11E-14 0.76E+06 +/- 1.14E+06 102 149 4/- 25
LBL1+2#1* 1,60E-08 +/- 3.60E-10  6.8+/-1,14 4.33+/-0.14 432E-09 +/- 1.6E-10 4.30E-13 4/ 3.42E-14 1,0BE+07 +/- 9.60E+05
Woodford
WBL1#1 2,69E-08 +/- 7.77E-10 4,89 +/- 0,82 6,03 +/- 0,26
WBL1#2 1.86E-08 +/- 6,69E-10 6,48 +/- 1,18 3,76 +/- 0,19
WBL1#1+2** 2,23E-08 +/- 4,72E-10 6,69 +/- 0,74 4,90 +/-0,16 0.62561 1,28E-08 +/- 6,6E-10  7.07€-13 +/- 4.0BE-14  1,68E+07 +/- 1.40E+06 102 173 4/- 14
WC1#1 1.84E-09 +/- 6,62E-11 10,13 4/- 6,71 1.94 +/- 0,10
WC1#2 2.61E-09 +/- 7.64E-11 2,10 +/-4.70 2,88 +/- 0.18
WC1#1+2™ 2,18E-09 +/- 4.69E-11 6,16 +/-4,03 2.41+/-0,10 06789  2.91E-09 +/- 1.7E-10 3.62E-13 +/- 3.61E-14 9.01E+08 +/- 1.06E+08 107 89 +/-10
Basu
BAL1#1 3.60E-08 +/- 1,06E-00 7,134/-084 468+4/-022 006462 2.62E08 +/- 1.3E00 8B87E-13 +/ 4.95E-14 1.17E+07 4/ 1.62E+08 104 118 4+ 15
Picacho Vizcaino
VBL1#1 7.26E-00 +/-2,18E-10 8,36 +/- 2,18 1,184/-0,14 08214  2,70E-00 +/- 1,4E-10 1,13E-13 +/- 1.6BE-14 2.27E+06 +/- 6.23E+05 104 2345
Sudoestre
SUL1H 2.12E-08 +/- 6,.36E-10  7.41 +/- 1,07 1.64 +/-0,14 08610  b5.04E-08 +/- 2,6E-10  1.62E-13 +/- 1,76E-14  2,79E+08 +/- 5.18E+05 102 294/-5
Monte Mazo
MXL1#1 2,69E-00 +/- 8.16E-11 3,30 +/- 4,83 0.62 +/- 0.34
MXL1#2 2,01E-00 +/- 8.12E-11  0.62 +/- 6,42 3.62 +/-0.18
MXL1#1+2** 2,36E-08 +/- 5,06E-11 1,81 +/- 3,08 6.52 +/-0.18
Kenton
KDL1#1 1.93E-08 +/- 5.80E-10  5.63 +/- 1,14 512 +/-024 05506  1.99E-08 +/- 1.0E-09 6.94E-13 +/- 473E-14 1.61E+07 +/- 1,64E+06 104 161 +/- 15
Leniza
CCL1#1 3,36E-08 +/- 1,01E-08 6,08 +/- 0,70 2.30+/-0,13
CCL1#2 2,67E-08 +/- 8,02E-10 5,03 +/- 0,95 2,79 +/-0.13
CCL1#1+2* 3,02E-08 +/- 6.40E-10  6.01 +/- 0,61 2.56+/-0.09 0.6275  2,20E-08 +/- 1,1E-09 6.60E-13 +/- 5.06E-14  1,30E+07 +/- 1,60E+06 104 131 +/- 16
Isla San Martin
ICL2#1 9,31E-00 +/- 2.80E-10 4,01 +/- 1,76 2.42+/-0,16 0.8214  1.32E-09 4+ 1.1E-10  1,22E-13 +/- 1.86E-14 3.10E+06 +/- 4.70E+08 104 324/-6

* Averages for the two samples collected from different locations on the same lava sutface,

“*Averages for crusher splits of the same sample collected.

These values were propagated through melt calculations since both powder splits were combined for the single furnace analysis .
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derived for Woodford (flows “B” and “C”) and Ceniza were done using powders
crushed as two separate on-line analyses (for example, splits WBL1#1 and
WBL1#2) that were then combined as two packages for one furnace analysis.
The two separate crush data were combined as a weighted average for
propagation into the melt-step spreadsheets. We determined one surface
exposure date using these average values with the singular-run melt data

(WBL1#1+2 yields 165 + 13 ka, for instance).

We have determined eruption dates from 165 £ 13 ka to 22 + 5 ka (Figure 2,
Table 2). From oldest to youngest, they include: Woodford (flow “B”; 165 + 13
ka), Kenton (145 + 14 ka), Ceniza (125 + 14 ka), Basu (113 £+ 14 ka), Media
Luna (two dates from the same surface average 106 £ 9 ka), Woodford (flow “C”;
84 + 10 ka), Isla San Martin (31 + 4 ka), Sudoeste (27 + 5 ka), and Picacho

Vizcaino (22 + 5 ka).

DISCUSSION

Field observations of cone and flow geomorphology (Luhr et al, 1995) and
results of this geochronologic study (Figure 2) combined suggest that two major

episodes of volcanic activity occurred along roughly parallel lineations trending
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®*He Surface Exposure Method
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Figure 2. °*He surface exposure date determinations by complex.
Abbreviations same as in Figure 1. Box identifies distinct polycyclicity at
the Woodford complex. Yellow hashures denote lack of eruption activity.
Complex abbreviations in Figure 1 caption: first letter for center name,
second letter for distinctly separate flow unit.
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‘He Date  Latitude Longitude Elevation® p Thickness Ol = VA Ar*
Sample (North) (West) (meters) (g/ (cm) (%) (ka)
cc)
Media Luna
LBL1 30° 32.7" 115°59.8’ 20 2.6 5.0 75 90 +/-10
LBL2 30° 33.0" 115°59.5' 20 2.1 5.0 90 90 +/- 10
Woodford
WBL1 30° 31.7' 116° 01.0’ 20 2.9 4.5 80
WC1 30° 31.9° 116° 00.8’ 80 1.7 5.0 75
Basu
BAL1 30°28.3' 116° 01.3 40 1.4 5.0 100
Picacho
Vizcaino
VBL1 30° 28.1" 116°02.1 40 2.5 6.0 95
Sudoeste
SuUL1 30° 26.9° 116° 01.6’ 20 2.4 5.0 70
Monte Mazo
MXL.1 30° 222’ 115° 20 2.3 5.0 83
59.9'
Kenton
KDL 1 30°27.5" 116°01.4 40 2.4 6.0 100 126 +/- 8
Ceniza
CCL1 30° 26.4' 115°58.0’ 40 2.3 5.0 g0
Isla San
Martin
ICL2 30° 29.2' 116° 06.5' 45 2.4 5.0 75

* Determined from topographic sheets. Except Isla, where a map is not
Available. This elevation was determined using a Brunton Compass transit
siting from sample location to sea level (within line of sight), combined with

estimated map distances then calculated using trigonometry).
** Mixtures of olivine and clinopyroxene phenocrysts.

***Determinations by Berkeley Geochronology Laboratory (Luhr ef al., 1995).
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roughly N40°W. Further, eruptions within a trend appear to have occurred
synchronously. The older series includes: Woodford (“WBL"), Kenton (“KDL"),
Ceniza (“CCL"), Basu (“BAL"), Media Luna (“LBL"), and Woodford (“WC"; lava
lake surface). The younger, outboard series comprises Isla San Martin (ICL),
Sudoeste (“SUL") and Picacho Vizcaino (“WBL"). We would like to note that
there is very good agreement between the stratigraphic order resolved by these
two studies, illustrating that good mapping is still essential for thorough geologic

assessments of Quaternary volcanism.

The data plotted as Figure 2 indicates volcanic quiescence for roughly 50 ka. L1
and L2 are two samples from the same Media Luna flow surface collected over
50 meters apart, demonstrating reproducibility on this pahoehoe surface sample.

The determinations for this flow agree within 1 6. WB and WC are two samples

(breach flow and lava lake surface, respectively) from two different cones within
the Woodford complex. The dates for these can be resolved as two distinctly

separate eruption events (denoted by the significant time gap between them).

if the two determinations for the Woodford complex represent dates from well-
preserved surfaces (which we believe they do), then there have been multiple
eruptions from a single mafic volcanic center separated by a time gap

discernible within the resolution of the helium technique. According to Luhr et al.
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(1995), Monte Mazo and Picacho Vizcaino each only have 2 eruptive units. The
other 7 complexes we sampled, though, have from 4 to 8 distinguishable units
each. We believe that several of these would also have polycyclic activity
discernable with the *He surface exposure dating technique. Kenton, Ceniza
and Sudoeste are similar to Woodford in that they have geomorphic
characteristics supporting significant time has passed between eruptions within
each center. These volcanoes would be good candidates for further study of

polycyclic development of mafic edifices.

Three surfaces were sampled from flows with argon dates performed by the
Berkeley Geochronology Center (published in Luhr et al (1995)). °He to
“Ar/*°Ar dating for the field yields agreement within the uncertainties of these
two dating methods. A weighted average of two surfaces from the same flow at

Media Luna yields a cosmogenic date of 106 + 9 ka in comparison to the argon
determination of 90 + 10 ka. Similarly, our determination for the Kenton flow is

145 * 14 ka, whereas the argon date is 126 + 8 ka.

The low *He/*He trapped components for this volcanic field may reflect a crustal
contribution of helium. Geochemical and isotopic signatures previousiy

documented for some of the centers support incorporation of crustal
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components by ascending magmas. Luhr and others (1995) cite low Ce/Pb, eng,
and >®Pb/**Pb in combination with high ¥Sr/**Sr values as evidence of crustal
contamination of Monte Mazo and Ceniza magmas. Lavas from those two
centers and the other 7 centers we analyzed yield *He/*He values ranging from
49+ 09 R/Rato 7.4 £ 1.1 R/R, (Table 1), which may reflect addition of crustal
helium (<0.1 R/R.) to melts derived from a MORB (8 + 1 R/R,) source. If it is
crustal contamination with a helium contribution, then all of the lavas show some
degree of decoupling from Sr, Nd, Pb, and trace elements. The San Quintin
trapped component determinations do overlap within analytical error, however;
the weighted average is 5.52 + 2.42 R/R. . If melts did not assimilate crust,
then another possibility is that the low R/Ra. values may reflect a non-MORB
mantle source beneath this field. Whether the average value or individual R/R,
values for this field are considered, the trapped component composition may
likewise represent the low end of the range reported by Graham and others

(1992) for MORB (rather than a crustal signature).

CONCLUSIONS

1) Lavas from 9 volcanic compiexes within the San Quintin volcanic field in

México, yield helium surface exposure dates between 165 + 13 ka and
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22 *+ 5 ka (1 o). Their spatial distributions suggest eruption activity along
two sub-parallel lineations trending N40°W. The older series erupted

approximately 50 ka before the younger, outboard series. There is also
evidence of synchronous eruption activity within each series.

2) We have documented a time gap discernible within the resolution of the
helium technique. Data for two fiows fed by two separate cinder cones in
the Woodford complexprovide quantitative geochronologic evidence for
polycyclicity at a Quaternary mafic volcanic center.

3) °He and “’Ar/*Ar dates for this field agree within the uncertainties of the
two dating methods.

4) Trapped components range from 4.9 £+ 0.9 R/Ra.to 7.4 = 1.1 R/Ra., which is

lower than most MORB-source values.

ACKNOWLEDGMENTS

This study constitutes a part of WJWW’s doctoral research at the University of
Texas at El Paso. We thank WJWW'’s advisor, Elizabeth Y. Anthony, for her
contributions. We also thank Jim F. Luhr, Jose J.Aranda-Gomez and Todd B.
Housh for accompanying WJWW in the field to assure samples collected would

correspond to their recently published study. Joseph G. Miller helped with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



191

sample preparation at the University of Texas at El Paso. William Phillips and
Joseph Banar provided valuable analytical support while WJWW used the Nier
Noble Gas Mass Spectrometer at Los Alamos National Laboratory. This material
is based in part upon work supported by the Texas Advanced Research Program
under Grant No. 003661-010 to E.Y. Anthony. Our work is also supported by the
U.S. Department of Energy (JP) and the Association of Western Universities,

Inc. (WJWW).

REFERENCES

Anthony, E., and Poths, J., 1992, *He surface exposure dating and its
implications for magma evolution in the Potrillo volcanic field, Rio Grande
rift, New Mexico, USA: Geochimica et Cosmochimica Acta, v. 56, p. 4105 -
4108.

Bard, E., Hamelin, B., Fairbanks, R. G., and Zindler, A., 1990, Calibration of the
“C timescale over the past 30,000 years using mass sectrometric U-Th
ages from Barbados corals: Nature, v. 345, p. 405 - 410.

Cerling, T., 1990, Dating geomorphic surfaces using cosmogenic *He:
Quaternary Research, v.33, p. 148 - 156.

Cerling, T., and Craig, H., 1994, Cosmogenic *He production rates from 39°N to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



192

46°N latitude, western USA and France: Geochimica et Cosmochimica

Acta, v. 57, p. 249 - 255.

Craig, H., and Poreda, R., 1986, Cosmogenic 3He in terrestrial rocks: The
summit lavas of Maui: National Academy of Sciences Proceedings, v. 83,
p. 1970 - 1974.

Kurz, M.D., 1986a, Cosmogenic helium in a terrestrial igneous rock: Nature, v.
320, p. 435 - 439.

Kurz, M. D., 1986b, In situ production of terrestrial cosmogenic helium and some
applications to geochronology: Geochimica et Cosmochimica Acta, v. 50,
p. 2855 - 2862.

Kurz, M. D., Colodner, D., Trull, T. W., Moore, R. B., and O’'Brien, K., 1990,
Cosmic ray exposure dating with in situ produced cosmogenic °He:
Results from young Hawaiian lava flows: Earth and Planetary Science
Letters, v. 97, p. 177 - 189.

Graham, D. W., Jenkins, W. J., Schilling, J.-G., Thompson, G., Kurz, M. D., and
Humphris, S. E., 1992, Helium isotope geochemistry of mid-ocean ridge
basalts from the South Atlantic: Earth and Planetary Science Letters, v.
110, p. 133 - 147.

Lal, D., 1991, Cosmic ray labeling of erosion surfaces: In situ nuclide production
rates and erosion models: Earth and Planetary Science Letters, v. 104, p.

424 - 439.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



193

Laughlin, A. W., Poths, J., Healey, H. A., Reneau, S., and WoldeGabriel, G.,
1994, Dating of Quaternary basalts using the cosmogenic *He and '“C
methods with implications for excess “°Ar: Geology, v. 22, p. 135 - 138.

Luhr, J. F., Aranda-Gémez, J. J., and Housh, T. B., 1995, San Quintin volcanic
field, Baja California Norte, México: geology, petrology, and geochemistry:
Journal of Geophysical Research, v. 100, n. B7, p. 10,353 - 10,380.

Marti, K., and Craig, H., 1987, Cosmic-ray produced neon and helium in the
summit lavas of Maui: Nature, v. 325, p. 335 - 337.

Poreda, R. J., and Cerling, T. E., 1992, Cosmogenic neon in recent lavas from
the western United States: Geophysical Research Letters, v. 19, p. 1863
- 1866.

Woodford, A. O., 1928, The San Quintin volcanic field, lower California:

American Journal of Science, v. 15, p. 493 - 573.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2. Sample Descriptions and “Ar/**Ar information

194

*He Date  Latitude Longitude Elevation* p Thickness Ol ** “Ar/~Ar*
Sampie (North) (West) (meters) (g/ (cm) (%) (ka)
cc)
Media Luna
LBL1 30° 32.7" 115°59.8 20 2.6 5.0 75 90 +/-10
LBL2 30° 33.0" 115°59.5’ 20 2.1 5.0 90 90 +/- 10
Woodford
WBL1 30° 31.7’ 116° 01.0’ 20 2.9 4.5 80
WCi1 30° 31.9" 116°00.8’ 80 1.7 5.0 75
Basu
BAL1 30°28.3" 116° 01.3 40 1.4 5.0 100
Picacho
Vizcaino
VBL1 30°28.1" 116° 02.1' 40 25 6.0 95
Sudoeste
SUL1 30°26.9" 116°01.6’ 20 24 5.0 70
Monte Mazo
MXL1 30°22.2" 115° 20 2.3 5.0 83
59.9'
Kenton
KDL1 30°27.5 116° 01.4’ 40 2.4 6.0 100 126 +/-8
Ceniza
CCL1 30° 26.4'° 115°58.0 40 2.3 5.0 90
Isla San
Martin
ICL2 30°29.2" 116° 06.5’ 45 2.4 5.0 75

* Determined from topographic sheets. Except Isla, where a map is not
Available. This elevation was determined using a Brunton Compass transit
siting from sample location to sea level (within line of sight), combined with

estimated map distances then calculated using trigonometry).
** Mixtures of olivine and clinopyroxene phenocrysts.

***Determinations by Berkeley Geochronology Laboratory (Luhr et al., 1995).
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